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PREFACE. 

In  the  following  pages  I  have  endeavoured  to  give,  in 
terms  as  simple  as  the  nature  of  the  subject  will  permit, 
a  connected  account  of  the  leading  principles  of  modern 
physical  science. 

My  aim  has  not  been  to  build  up  a  mere  compendium 
of  physical  facts,  but  rather  to  put  the  reader  in  possession 
of  such  principles  as  will  enable  him  with  small  diflSculty 
to  apprehend  and  to  appreciate  those  facts. 

I  am  regretfully  aware  of  many  material  omissions. 
The  subject  of  Natural  Philosophy  is  so  vast  that  many 
things  which  in  themselves  are  by  no  means  devoid  of 
importance— but  to  which  different  writers  would  perhaps 
be  inclined  to  attribute  different  degrees  of  importance — 
must  necessarily  be  laid  aside  in  the  course  of  the  prepara- 
tion of  a  text-book  of  limited  size.  One  of  these  omissions, 
which  my  own  love  of  the  developmental  history  of  science 
made  me  decide  upon  with  extreme  unwillingness,  is  that 
of  the  history  and  the  personal  aspect  of  scientific  dis- 
covery. As  a  general  rule,  the  names  of  discoverers,  even 
where  they  are  mentioned,  play  a  very  subordinate  part  in 
the  text. 

At  the  same  time,  I  trust  that  the  reader  of  this  work 
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will  find  that,  after  a.tgimilatiDg  its  contents,  lie  is  iu  some 
measure  prepiired  for  the  reception  of  further  information 
in  the  course  of  that  wider  reading  anil  practiail  Btuily  to 
•which  1  hope  the  following  pages  will  be  found  fitted  to 
serve  us  im  eleoientaxy  introduction. 

It  is  wholly  beyond  qiit'stinn  that  to  hiiu  who  desires 
to  become  a  physicist,  Practieal  Laboratoiy  Work  is 
absolutely  essential.  Thorough  knowledge  must  be  drunk 
in  by  the  eyes  and  the  ears,  and  absorbed  l)y  the  finger- 
tips ;  and  the  true  use  of  a  hook  of  this  kind  is,  I  take 
it,  not  to  replace  practical  work  but  to  economise  the 
laliimrs  of  the  student.  Tliia  it  may  do  by  so  furnishing 
bis  mind  with  a  store  of  general  prinniplcs,  that  when 
he  comes  to  enter  a  physical  laboratory  he  may  there  find 
around  him,  in  the  concrete  form,  a  collection  of  pieces 
of  apparatus,  the  construction  and  the  action  of  whi(di 
he  is  able,  by  the  application  of  tho  principles  niready 
familial"  to  him,  promptly  and  intelligently  to  comprehend. 
Bearing  the  necessary  liniitjitioiis  of  the  usefulness  of  any 
mere  book  steadily  before  me,  I  have  endeavoured,  as  far 
ns  possible,  to  simplify  and  generalise  all  descriptions  of 
apparatus,  and  in  the  same  way  to  simplify  and  generalise 
the  accompanying  diagrams ;  and  thus  I  have  tried  not 
only  to  adapt  the  work  to  the  requirements  of  those 
who  may  use  it  as  a  stepping-stone  to  further  attain- 
ments, but  also  to  render  it  a  suitable  text-book  for  that 
largtsr  circle  of  rea<ler8  who,  having  no  distinct  desire  to 
follow  out  the  8pe<!ial  study  of  physiea,  may  yet  wish 
to  possess  an  elementary  acq^uaintanee  with  the  modem 
aspect  of  natund  philusopby. 
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This  book  was  primarily  designed  as  a  contribution 
to  Medical  Education,  and  as  such  I  hope  it  may  be 
found  useful  That  arrangement,  which  still  prevails  in 
some  of  our  Universities,  under  which  a  student  of 
medicine  may  even  proceed  to  the  degree  of  M.D.  with- 
out any  adequate,  knowledge  of  physics,  is  self- evidently 
opposed  to  common  sense,  and  to  the  exigencies  of 
physiological  study  and  of  medical  practice.  Such  an 
anomaly  cannot,  it  may  be  anticipated,  endure  much 
longer.  Before  many  years  arc  over  it  will  be  univer- 
sally acknowledged  in  practice,  as  it  already  is  in  theory, 
that  knowledge  of  natural  philosophy  is  an  essential 
part  of  the  mental  equipment  of  the  medical  student  and 
of  the  properly-trained  medical  man.  The  needs  of  the 
intelligent  student  of  physiology  have  been  kept  con- 
stantly before  my  mind,  as  I  hope  those  of  my  readera 
who  are  already  physiologists  will  recognise ;  but  I  have 
been  careful  not  to  make  the  book  one  suited  for  admis- 
sion only  into  a  medical  class-room ;  my  aim  has  been  to 
produce  a  work  useful  at  once  to  the  Student  of  Medicine, 
the  Student  of  Science,  and  the  General  Reader. 

The  plan  of  the  work  is  that  of  a  gradual  progression 
from  the  simplest  to  the  more  complex.  No  preliminary 
knowledge  of  physical  principles  is  assumed,  and  every 
effort  has  been  made  to  attain  to  absolute  lucidity  of 
expression,  even  though  this  be  found  occasionally  to  neces- 
sitate the  frequent  repetition  of  a  single  word  in  the  course 
of  a  single  sentence.  While  the  reader  is  expected  as  be 
reads  each  page  to  remember  the  'contents  of  the  preced- 
ing pages,  I  trust  that  I  have  sufficiently  carried  out  my 
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intention  of  nowhere  setting  before  him  anything  of  the 
nature  of  an  unsolved  riddle,  so  far  as  that  could  be 
guarded  against  by  my  own  efforts  on  his  behalf. 

I  have  endeavoured  to  secure  intelligible  continuity 
throughout  the  paragraphs  printed  in  larger  type,  and 
thereby  to  enable  the  reader  on  his  first  perusal  to  confine 
his  attention  to  the  more  prominent  portions  of  the  text. 

However  imperfectly  its  design  may  have  been  exe- 
cuted, I  shall  be  glad  if  this  work  be  found  to  contribute 
in  any  degree  to  the  extension  of  that  mode  of  teaching 
Natural  Philosophy  for  the  establishment  of  which  we 
have  come,  directly  and  indirectly,  to  owe  so  much  to  the 
advocacy  and  example  of  Professors  Thomson  and  Tait — 
a  mode  of  teaching  under  which  the  whole  of  Natural 
Philosophy  is  regarded  as  substantially  a  single  science, 
in  which  scattered  facts  are  connected  and  co-ordinated 
by  reference  to  the  principles  of  D}Tiamics  and  the  great 
experimental  Law  of  the  Conservation  of  Energy. 
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CORRIGENDUM. 

pAOB  633,  line  II  to  end  of  paragraph,  read  : — 

All  gojtes  have  very  nearly  the  same  inductive  capacity,  whatever  their  chemical 
constitution,  their  temperature,  or  their  density.  If,  however,  their  pressure  be 
increased  or  diminished,  the  minute  difference  between  their  sp.  ind.  cap.  and  tliat  of 
a  vacuum  is  also  increased  or  diminished  in  the  same  proportion ;  ftud  conversely,  when 
a  gas  is  employed  as  a  dielectric,  induction  across  it  diminishes  its  pressure,  the  gas 
then  adjusting  itself  so  as  to  become  rarer  and  consequently  less  inductive. 


THE  PRINCIPLES  OF  PHYSICS. 


XNTHOUUCTOitY. 


XiTUBAL  PHrwsopmr  or  Pirrsica  may  be  briefly  defined  as  tlio 
Science  of  Matter  and  Energy.  Tliis  defiuition  is  one  which  is 
obviously  comprehensive  enough  to  include  within  its  range  the 
whole  of  Chemistr)*  and  of  Biology  as  well  as  of  Chemical  ami 
Physiological  Physics.  Chemistry  is  in  truth  but  a  colony  of 
facta  closely  related  to  one  another,  nnd  diwsifiefl  hy  H3  on 
principles  which  depend  almost  entirely  upon  our  ignorance  of 
the  fundamental  nature  of  the  relation  between  those  apparently 
different  forma  of  Matter  which  we  know  as  the  various  Chemical 
£JcmcnU ;  and  Lhe  eunsuuimatlou  u(  ChemisLry,  a  full  and 
accurate  knowledge  of  the  inner  ineclmniani  of  all  chemical 
reactions^  would  probably  result  in  the  absorption  of  all  Chemistry 
In  the  wider  Scicnoc  of  Moleeular  Physics.  In  the  meantime 
the  fumlameittal  unity  of  the  two  nominally  distinct  scienceti, 
Chemistrj'  and  Physics,  is  shown  by  the  extent  to  which  they 
overlap  one  another  in  the  field  of  f-'hemical  Physics. 

Physiology,  again,  or  in  a  wider  sense  Biology,  is  concerned 
with  the  matter  and  the  energy  of  living  beings;  and  if  it  ever 
oome  to  attain  its  highest  ideal,  even  Biology  must  thereupon 
necessarily  merge  in  Natural  Philosophy.  Already  we  see  that 
while  pbysioiogical  research  is  steadily  conquering  the  unknown, 

which  it  succeeds  in  tlioroughly  explaining  falls  out  of  its 
ip  and  comes  to  form  a  part  of  ordijiary  physical,  or,  it  may 
in  the  meantime  be,  of  ordinary  chemical  knowledge. 

We  may  now  more  amply  define  Natural  Philosophy  or  Physics 
as  tlie  systematic  exposition  of  the  phenomena  and  proportie.s  of 
Matter  and  Energy  in  so  far  as  these  phenomena  and  properties 
can  be  stated  in  terms  of  definite  Measurement  aiul  explained  by 
reference  to  mechanical  principles  or  Laws. 
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Here,  sgain,  we  must  admit  ttiat  our  definition  is,  in  the 
present  state  of  our  knowledge,  too  ideal  A  perfect  and  accurate 
physical  knywlwlge  even  of  the  aimplust  actual  phenomenon 
would  imply  absolute  omniscience.  Often  we  Hud  that  we  caa] 
meusui'e  but  nuL  explain  the  phenomena  of  Nature ;  and  wc  fiiid 
at  the  very  ouUeL  of  uur  exposition  that  we  are  compeUed  to 
confess  entire  iffnoranco  as  to  the  very  nature  of  our  subject- 
matter  ;  for  we  do  not  know  what  Matter  ia. 

To  U3  tlie  question,  Wliat  in  Matter  ? — What  is  the  essential 
basis  of  the  phi^imnicna  with  wliiiih  we  may  as  pliysictsts  make 
ourselves  acquainted? — ia  absolutely  insoluhle.  Even  if  wej 
became  iKsrfectly  and  certainly  acquaintt^d  with  the  intimate 
structure  of  Matter,  we  would  but  have  made  a  further  step  iu 
the  8tudy  of  its  properties  ;  and  as  physicists  we  are  forced  to  say, 
that  while  somewhat  has  been  learned  as  to  the  properties 
Matter,  its  essential  nature  is  quite  unknown  to  us. 

Aa  little  able  are  we  to  yive  any  full  and  satisfactory  answer 
to  the  questiuu,  Wliat  is  Energy  ?  As  a  provLsionul  statenieut 
we  may  say  that  Energy  is  the  power  of  doing  Work ;  a  rille* 
bullet  in  motion,  a  coiled  watch-spring,  possess  the  power  of  doing 
work  upon  other  bodies  suitably  arranged  ;  but  plainly  this  power 
depends  upon  the  relation  intu  which  the  matter  which  is  said  to 
possees  it  is  brought  with  n-feretito  to  nther  matter,  flud  it  ulti- 
mately depends  upon  the  position  of  one  set  of  jjarticles  uf  matter 
with  reference  to  other  seta.  If,  then,  Energy  depends  upon  the 
relative  position  of  particles  of  Matter,  we  are  not  able  to  explain 
its  own  essential  nature,  though  we  may  acquire  a  considerable 
amount  of  information  as  to  its  very  remarkable  propcrtiet 

Ttiese  properties  of  Energy,  those  of  Matter,  their  mutual 
relations,  and  the  laws  which  govern  these,  constitute  the  subject- 
matter  of  Natural  rhiloaophy  ;  and  tliese  properties  and  laws  have 
been  ascertained  by  obaerv-atiou,  by  measurement,  and  by  judicious 
reasoning  upon  the  data  supplied  by  investigation. 

In  the  investigations  upon  which  Natural  Philosophy  is 
founded,  tlio  guiding  principle  is  a  well  grounded  belief,  leased 
on  the  recnniod  cxiiurienoe  of  Urn  hnniau  r,u:e,  iu  tliu  Oonstancy 
of  the  order  of  Nature.  This  dues  not  mean  that  thingi^  aiv 
to  continue  for  ever  as  they  are  at  present.  If  a  closed  Iwiler 
containing  water  be  heated  to  a  certain  temperature,  the  Constancy 
of  Nature  would  not  be  interfered  with  by  the  consequent  ex- 
plosion of  the  boiler ;  it  would  be  seriously  infringed  if  the 
boiler  did  not  burst.     So,  again,  if  volcanic  eruptions  thrust  up 
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niauiiUiiu  ruii|ics  throiigli  a  tiai  plaiu,  as  iii  Uie  case  of  tlie  liocky 
MouiitainH,  or  if  a  crack  in  tlic  cartli's  crust  allow  a  fI(K>ii  of  lava 
Co  lluw  over  n  wide  regiou,  as  lit  tlie  gculugical  history  uf  Idaho, 
such  a  cataclysm  would  appear  to  bi3  ati  awful  break  in  tho 
iinifoniiity  of  Nature  j  yet  if  the  earth's  crust  be  ao  pressed  up- 
wards that  it  can  resist  no  further  pressure,  the  Constancy  of 
Nature  is  confirmed  by  its  giviuj;  way.  On  this  belief  in  the 
Constancy  of  Nature  are  based  all  rational  catculationa  of  eventu- 
alities, and  all  our  arTanf;eiuentR  fi-om  day  to  day.  which  are 
subjei't  Ui  the  transpiry  of  facta  unknown  or  unforeseen  at  the 
time  when  these  arrangements  were  made. 

Tliis  belief  finds  formiUated  expression  in  the  Law  of 
Causality,  which  afhrms  that  all  effects  have  a  sufBciont  cause ; 
HO  that  if  we  observe  a  given  phenomenon,  we  conceiviO  ourselves 
entitled  as  the  result  of  experience  to  enquire  into  its  cause,  and 
conversely  to  affirm  that  if  Uiere  be  nn  cauae  tending  to  produce 
change  in  the  present  condition  uf  thinga  in  any  particular 
respect,  there  will  in  that  respect  be  no  change.  It  is  scarcely 
necessary  here  to  iuvestignte  the  meaning  of  the  word  Cause 
itself;  it  will  be  quite  sufficient  to  point  out  that  for  us  the 
relation  of  canse  and  effect  is  one  of  sequence,  found  to  be  in- 
variable if  not  interfered  with  by  the  intervention  of  circum- 
stances which  render  case-s  dissimilar.  In  similar  cases,  the  same 
causes  are  observed  to  be  followed  by  the  same  effects.  It  is 
jilaiu,  however,  that  tlie  same  elfucts  are  not  always  and  neces- 
sarily the  results  of  the  same  causes ;  and  when  dilferent  causes 
are  found  to  pi-oduce  the  same  effects  they  are  equivalent  in 
etfectiveness  to,  and  may  be  substituted  for,  one  another. 

Again,  the  principle  may  be  stated  that  the  cause  i(^  equiva- 
lent ami  in  proper  terms  of  measurement  numerically  equal  to 
tin;  effect  pruduccd  by  it.  Apparent  exceptious  to  this  statement 
arise  only  when  the  problem  is  not  of  the  extremely  simple  form 
in  whiuli  one  cansp,  and  one  cause  alone,  is  brought  into  play.  It 
is  not,  except  in  a  loose  popular  sense,  the  heat  of  the  spark 
rhich  causes  the  explosion  of  a  magazine  and  consequent  destntc- 
'tion  of  property ;  it  is  not  drawing  the  trigger  which  is  fhf.  cause 
of  the  bidlet's  lea\'ing  the  gun.  The  heat  of  the  spark,  the 
drawing  of  the  trigger,  is  necessary  as  one  cause  out  of  several ; 
but  the  problem  is  not  here  so  simple  that  these  can  be  adduced 
as  cases  in  which  the  effuct  is  greater  than  the  cause.  They  only 
point  out  an  extended  statement  that  the  total  effect  produced  is 
equivalent  to  the  effective  sum  of  the  causes  acting ;  and  when 
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one  of  the  causes  acting:;  is  an  arranjrcmcnt  of  matter  whicli  is 
explosive  or  in  unstable  equilibrium,  ready  to  topple  over  80  as  lu 
assume  a  stablti  poMliou,  tlie  effect  proiluc«cI,  tliou;;li  apparently 
greater  tlian  the  sinftll  disturliaiice  which  (liwirmnged  the  iinstably- 
balanced  matter,  must  be  traced  not  to  it  only,  but  to  all  the 
conditions  ami  circuinsliinces  involved,  including  the  unstable 
etiuilibrinm,  the  antecedent  cause  of  which  may  itself  he  songht 
for. 

If  several  cansea  act  simnltaneoiisly,  each  produces  only  a 
port  of  the  aggregate  effect,  and  the  total  effect  is  equal  to  the 
sum  of  the  acting  causes.  Under  the  name  of  Qatileo's  principle 
this  is  one  of  the  fundamental  tnitlis  of  physics,  atui  13  thus 
enunciated  : — If  a  body  be  acted  on  by  two  or  more  Foi-cea  {force 
being  meanwhile  defined  as  any  cause  of  motion),  each  of  these 
forces  acta  indt;pendently,  and  produces  its  own  effoct  without 
reference  to  Uie  others,  the  total  efVuet  produced  bein^  asciTtaitied 
by  finding,  in  any  a))pn)piiak-'-  way,  the  sniu  of  tlii^  eflects  due  to 
each  fiirce.  A  cannon-hall,  foi'  insliuiue,  iired  from  a  height,  is, 
as  it  passes  through  the  air,  under  the  iiitlueuce  of  at  least  two 
forces  or  causes  of  motion  :  the  force  exerted  u])oii  the  hall  during 
the  explosion  sending  the  hall  forwarils,  that  of  gravity  con- 
tinaously  drawing  it  downward;*.  If,  for  the  sake  of  convenience, 
we  neglect  the  reaLstanoe  of  tlie  air,  and  enquire  what  would  lie 
the  path  pursued  by  a  shot  travelling  in  vacuo,  we  would  find  by 
making  use  of  this  principle  that  the  position  of  the  shot  at  any 
moment  woidd  be  found  by  enquiring  (1)  How  far  outwards  the 
shot  would  liave  been  projected  had  there  been  no  tendency  to 
fall ;  and  (2)  How  far  the  ball  would  have  fallen  if  gravity  had 
alone  acted  on  it.  For  any  speciOed  instant  a  point  may  in  lliis 
way  be  found,  which,  beiug  both  so  far  outwards  and  so  far  down- 
wards, must  be  the  position  of  the  ball  at  the  iuslunl  in  q^uestiou  ; 
aud  by  thus  finding  the  position  of  the  ball  at  several  separate 
succeed^ing  instants  of  time,  we  may  find  the  curved  path  which 
a  ball  fired  in  vacuo  would  traverse.  This  principle  of  the  inde- 
pendence of  simultaneously -acting  causes  was  an  exp((ri  mental 
discovery  of  Galileo's :  before  his  time  it  wa.-*  held  as  truth  that 
one  cause  must  cease  to  act  before  another  can  commence  to  do 
so ;  and  it  was  accordingly  believed  that  when  a  projectile  was 
shot  into  the  air,  the  force  of  projection  must  be  expended  and 
dissipated  before  any  tendency  to  fall  to  the  earth  could  aaaert 
itself. 

Experimentation. — When  we  Iciim  that  a  certain  pheno- 
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menoa  is  dac  to  a  congerips  of  caused  we  may  arrange  matters 
90  aa  to  prevent  one  of  tlie  opclinarily- acting  causes  from  pro- 
(iiicing  its  effect,  and  then  we  mny  oViserve  in  what  respect  the 
i-esttltant  phenomenon  now  produced  differs  from  that  usually 
seen.  Thws  we  may  fiud  the  way  in  which  a  given  cause  acts. 
Again,  we  may  dirt-ctly  arrange  matters  e-o  that  a  given  cause, 
and,  as  far  as  possible,  that  causo  along,  sliall  act,  and  we  may 
then  obsen'e  what  liappens.  The  principle  of  the  Constancy  of 
Nature  shows  ua  that  like  causes  will  always  produce  like  results; 
and  if  we  find  that  by  ingeniously  vaiiud  inturrogutiuns  of  Nature 
we  have  obtained  as  reply  an  assurance  that  ceitaiu  causes  are 
allied  to  certain  effects,  wc  rest  assured  that  the  same  causes  and 
the  some  effects  will  continue  to  be  so  allied.  This  assurance  is 
the  only  basis  of  the  art  r>f  Kx  peri  mentation.  By  this  art  wo 
become  acquainted  with  the  con.'^tnnt  raodett  in  which  evenU 
follow  one  another  in  the  material  world,  these  modes  being  the 
Laws  of  iS'fiture  arbitrarily  appointed,  and  only  Ui  he  learned  by 
us  through  the  instrumentality  of  our  own  experimental  enquiry, 
or  else  through  attentive  consideration  of  the  varying  phenomena 
of  the  universe,  "  experiments  made  at  Nature's  own  hand." 

Newton*8  Laws  of  Motion  or  AxiomB. — If  a  body  be  at  rest 
it  will  remain  at  r(?st :  if  in  motion  it  will  continue  to  move  until 
stopped  by  friction  or  some  external  force.  Hero  wc  find  the 
word  Force  meaning  not  only  that  which  causes  motion,  but  also 
that  which  arrests  mtition.  Jjcperiinent  shows  us  that  this  is  tnie 
in  reference  to  bodies  which  are  at  rest,  for  they  remain  so  if 
undisturbed ;  but  it  also  shows  that  among  bodies  which  are  in 
motion,  it  is  only  those  which  arc  moving  in  a  straight  line 
that  retain  their  course  unaffected  when  allowed  to  move  unex- 
posed to  the  action  of  any  disturbing  cause.  Bodies  which  are 
moving  iu  uuired  paths,  such  as  sling-stones,  do  not  retain  their 
cun'ed  paths  when  liberated,  but  continue  their  couree  in  a  straight 
line  in  that  direction  in  which  they  happened  to  be  moving  at  the 
instant  of  release  from  constraint.  Hence  Newton,  in  his  First 
Law  of  "Motion,  says,  "Every  body  tends  to  pcracvero  in  its 

I  state  of  rest  or  of  uniform  motion  in  a  straight  liue 
unless  in  so  far  as  it  is  acted  on  by  impressed  force," 
and  Uiia  is  tersely  expressed  by  saying  that  "  Matter  has  Inertia." 
If  a  single  force  act  upon  a  body  which  is  at  rest,  the  bwly 
will  begin  to  move  in  a  straight  lino ;  and  further,  the  greater  the 
force,  the  more  rapid  will  bf:  the  motion  of  the  body  acted  upon. 
If  the  body  he  alretuly  in  motion,  the  force  acting  upon  it  will 
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caQs«  il  to  move  more  rapidly  or  mure  slowly  in  the  same  straight 
line  or  else  in  a  defected  course  Experinieut  shows  that  ever}* 
force  has  a  definite  direction  in  which  it  tends  to  cause  a  Wly  to 
move,  whether  that  body  be  already  under  the  action  of  other 
forces  or  not  Tlnia  the  words  of  Newton,  in  hia  Second  Law  of 
Motion,  arp :  "Chnnj^'e  of  Moti<in  is  proportional  to  tlie 
impressed  force,  and  tnkts  place  in  the  direction  of  tlie 
straight  line  in  which  the  force  acta." 

The  word  MoLlou  io  Ihii!  liiw  »  now  Kiiderwl  Moraentom  ($■.  17). 

The  third  of  the  Xjiwa  cif  Motion  which  Newton  formulated, 
aa  axiomatic  is  the  following — "To  every  Action  there  ia 
always  an  equal  and  contrary  Keaction;  or  the  mutual 
actions  of  any  two  bodies  arc  always  equal  and  oppo- 
sitely directed."  The  tmtli  of  this  statement  is  based  upon 
experimental  evidence,  but  its  univeraal  applicability  is,  after  con- 
sideration, seen  to  be  reasonable  enough ;  and  in  tliis  sense 
Newton  uses  the  word  Axiom. 

When  I  rfiot  i«  fired  from  a  gun,  if  tbe  gmt  W  free  to  move  th«i«  »  con- 
niderable  recnil,  the  shot  moving  forward  and  the  gtiii  ImckwardB.  If  the  gnii| 
be  fixer!  to  the  gmund,  thu  »Lul  is  (ip[iarenLly  tiie  uiily  thing  which  more 
If  tha  shot  were  ht-hl  fiuit  ami  tlii?  mm  were  five  U>  uuivl-,  Lhi;  Kiiii  would] 
mov«  bocliwiinlK.  In  lliis  case  w*  see^  then,  that  t»  the  ncivm  which  impi.-Is' 
the  fihnt  forwaFl  there  is  a  contrnry  reaction  which  imjieU  the  giin  harlc- 
wArd.4  ;  htkI  in  the  fwqiic)  we  tihtiW  Ic^rn  what  evidence  th«rc  is  for  ibe  ntatfi- 
niont  thftt  thftt  roactton  is  equal  Io  the  action. 

When  a  uian  walks  on  firm  ground,  thc^  action  of  hJK  li'x"  in  locomotion 
temU  to  ■ciwrato  hi*  body  from  the  ground  at  each  eti^p.  The  Action  which 
teuds  Io  raiae  hia  body  i«  contrary  to  the  reaction  tending  to  defircM  the 
earth,  und  tit  evory  Hte[i  Ihn  earth  i»  jiiiHhiil  down  an  a  whule,  or  else  if  tlie 
)«oil  liR  Moft  it  vivid"  liicidl}'  und  thn  f Hit  aink*^  Henci-  the  diRittiHy  exjieri- 
euced  in  getting  out  wf  lioggy  eoil ;  the  ooft  nind  viiddn  imdir  iIim  fuiit  M 
each  elTurt  mufle  by  tliu  mdividuid,  w  thnt  every  step  cauaM  hini  to  ehik 
more  deejily. 

"When  n  horse  in  looaely  hamewi^d  to  a  car,  it  may  comeliraefl  h*'  ohserved 
that  itn  inexperienced  uiiniAl  «tjirt«  forward  qiiirkly ;  hut  tiuddenly  the  traceii 
tighten,  the  car  is  jolted  forward,  and  the  horse  is  Jolted  luickwnrds. 

If  a  locomoitivc  with  a  heavy  train  be  suddenly  etarted,  it  will  be  Botn 
that  iti  wheels  mny  Uftelcssly  turn  round  ;  it  haa  giveu  a  sudden  judl  to  the 
carriiig«>a,  and  their  rcaetioii  upi'ii  it  in  etjniTalent  to  a  liackward  pnll  given 
to  a  irioving  Migine. 

ThL-  pnrth  Httrai.ta  ihc  moon,  and  tho  mcHin  attmctu  (he  earLb.  Tlie 
former  attimclion  mninly  kccfw  the  moon  in  her  orbit,  and  the  latter  is  one 
of  the  causes  of  tidal  plienoniena. 

When  a  stone  is  thro«.-n  upn-ntds  from  the  earth,  the  earth  U  thrown 
back  hy  recoil,  and  movcii  downwards  to  a  very  small  extent  us  long  ab  the 
stoiie  continae*  to  aBcend:  when  the  stone  i»  nt  itn  blghoet  point  tbe  <.-urth  U 
At  ita  lowest,  and  m  the  stoov  falls  tbc  eartli  ascends  to  meet  it.     This  is,  of 
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coarse,  not  Uie  remit  of  tlii\i-t  oUwrvutiou,  lint  i>  dedocc^t  by  calculation 
from  Ncwloxi'e  tbird  law  of  umtiuii,  wliitli  ia  confiruiwi  by  nil  phcnonienn, 
lencBtriul  uml  lutronoiDical,  by  H-hich  it.  can  be  put  to  tbe  tf^i. 

TIic  next  statement  generally  ajiiilicable  is  tJiat  of  the  Inde- 
structibility of  Matter.  This  in,  that  Matter  as  we  at  present 
know  it  eaonut  be  destroyed  by  any  prot:ea3  with  which  we  are 
ac<iuainted.  The  limitations  of  this  statement  should  be  borne  in 
mind,  for  there  is  no  scientific  warranty  for  saying  tliat  Matter  a 
absolutely  indsstmetible,  and  more  than  one  consideration  indicates 
that  the  structure  of  Matter  may  be  such  as  to  denote  tliat  in 
it«  present  form  it  has  had  a  besinnlng  and  may  have  an  end. 
"Within  our  experimental  knowledge,  however,  Matter  cannot  he 
destroyed :  and  when  it  apparently  disappears,  as  when  a  candle 
ia  burned  in  the  air,  Chemifiti^  charges  itself  with  the  cxploaatiou 
of  that  disappearauce,  anil  shows  what  new  forms  the  matter  has 
sasumed. 

Anotlier  principle  of  the  greatest  possible  use,  and  entirely 
the  result  of  experiment,  is  that  of  the  Indestmotibillty  or  the 
Oonaerration  of  Energy.  Energy  lina  been  provisionally  defined 
OS  the  power  of  doing  work ;  and  this  doctrine  states  that  this 
power  of  doing  work  may  alter  its  form  but  is  never  destroyed: 
when  a  coiled  watch-spiing  imcoiU.  the  energy  wliieh  it  loses 
appears  as  Work  doue  or  as  Heat  or  Sound,  or  any  other  of  the 
forms  iuto  which,  as  we  shall  afterwards  learn,  Knergy  may  be 
transformed.  The  Euei-gy  of  a  body  depends  on  the  advautaye 
which  it  iKwsesses  eitlier  uf  motion  or  of  position :  if  it  lose  that 
advantage,  that  cLin  only  occur  tlirough  some  other  body  or  bodies 
simultaneously  aci|uiring  cither  motion  or  an  advantage  of  position. 
If  Knergy  disappear  in  one  form,  it  will  reappear  in  one  or 
severoi  others,  and  none  of  it  ia  ever  lost,  though  it  may  assume 
such  a  form  that  it  in  no  lonj^er  a  power  of  doin^'  work  available 
to  man,  namely,  the  form  of  uniformly  diffused  Heat.  This 
principle,  which  is  so  important  that  the  whole  of  Natural  Philo- 
sophy may  be  said  to  be  a  commentary  on  it,  will  be  better 
understood  when  the  laws  of  Enei-gy  have  been  discussed,  as  they 
will  be  at  greater  length  in  Chapter  FV. 

A  corollary  to  this  prinriple  takes  the  form  of  a  statement  of 
the  belief  that  the  Perpetual  Motion  is  impossible :  if  th<^  sum  of 
the  energy  in  tlie  universe  be  constant,  no  luachine  in  which  this 
oneigy  is  employed  in  doing  work,  in  which  frii-tion  is  overcome, 
in  which  sound  is  produced,  and  so  on,  can  possibly  go  on  for 
ever,  for  the  reserve  of  energy  at  its  disposal  will  ultimately  bo 
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exliaueteil  aiid  become  useleaa  to  timt  machine.  Even  the  tides 
will  ultimately  cease,  as  the  earth  loses — we  kiiow  it  is  losing — 
Hpeed  in  its  daily  rotation  rouud  its  own  axis. 

It  cannot  be  too  strongly  insisted  on  that  these  general 
principles,  the  Constancy  of  Nature,  the  Law  of  Causality, 
Galileo's  principle,  the  throu  laws  of  Motion,  the  Indestructibility 
of  Matter  and  of  Knergy,  art  of  ito  value  for  us  except  in  so  far 
as  they  are  supported  by  experimental  evidence.  Tbey  are 
grouped  together  here,  for  the  statement  of  them  is  necessary  fur 
compruheusion  of  the  results  which  have  been  obtained  throuyh 
their  aid.  We  are  not  here  called  upon  to  go  tlirougU  the  steps 
by  %vUich  they  have  been  arrived  at,  but  we  must  bear  in  mind 
that  no  a  priori  deduction  of  them  l)y  any  uietapliysical  reasouiug 
is  for  a  moment  admissible.  Ilic  doctrine  of  the  Conservation  of 
Energy  is  very  simple  when  stated  ns  the  result  of  experiment, 
and  its  simplicity  has  led  to  statements  tliat  the  contrary  is 
unthinlcable^  and  that  a  belief  in  this  doctrine  is  deeply  gi'ounded 
in  the  constitution  of  the  mind  of  man ;  hut  all  conclusions 
derive<l  from  suth  reasoning  must  be  regarded  with  suspicion,  for 
we  miist  take  warning  by  the  example  of  the  ancients,  who  believed 
circular  motion  t^  be  perfect  and  heavy  bodies  to  fall  faster  than 
l^ht  onus,  until  experiiuental  evidence  was  adduced  to  the  con- 
trary. The  truth  of  these  principles  must  be  proved  by  their 
perfect  accord  with  the  plienoniemi  which  we  may  actually 
observe,  and  by  tliejr  enabling  us  to  predict  results  of  hitherto 
untried  experiments  which  agree  with  those  actually  obtained. 
Exact  science  d(*|K'nd8  directly  for  its  facts  and  indii-ectly  for 
ita  principlea  upon  experimental  evidence,  and  tlie  true  place  of 
8i>eculative  imagination  in  scientilic  work  is  tlie  ccnceptiun  of  new 
combinations  of  circumstances,  and  hence  of  new  field.s  of  experi- 
mental research,  as  also  the  construction  of  Hypotheses  which 
explai:i  and  co-ordinate  observed  facta,  and  which,  when  they  are 
found  to  do  this  consistently,  are  raised  to  the  rank  of  accepted 
Ilieories. 


CHAPTER  I. 

TIME,  SPACE,  AND  MASS. 

So  far  as  man's  knowledge  of  phenomena  occurring  around  him 
has  become  accurate,  it  has  been  obtained  by  means  of  precise 
measurement ;  and  the  fundamental  tmits  in  terms  of  which 
every  measurement  must  be  executed  are  those  of  Time,  Space, 
and  Uass. 

The  unit  of  Time  is  usually  taken  as  one  Second,  and 
the  time  during  which  phenomena  appear  or  are  observed  is 
reckoned  in  seconds,  unless  motives  of  obvious  convenience 
cause  it  to  be  reckoned  in  minutes,  liours,  days,  yeara,  or  cen- 
turies. The  second  is  usually  a  second  of  mean  solar  time — 
that  is  to  say,  the  geiffo*'^  P*"^  °^  ^^^  average  length  of  a 
solar  day. 

The  aolar  ddy  is  the  period  which  elapses  hetween  the  sun's  crossing  the 
meridian,  or  being  situated  directly  south  of  a  place,  and  the  next  occasion 
on  which  it  crosses  that  line.  The  sidereal  day,  in  the  same  way,  is  the 
interval  between  two  successive  tmnsits  of  any  fixed  star.  The  sidereal  days 
aie  shorter  than  the  solar  ;  they  are  constant  in  length,  while  the  solar  day 
is  not  BO.  A  clock  can  keep  time  with  the  stars,  and  keep  good  "sidereal 
time  ; "  hut  a  clock  of  ordinary  construction  does  not  always  indicate  noon 
when  the  sun  is  highest  in  the  heavens;  it  is  sometimes  apparently  14^ 
minutes  fast,  and  sometimes  appears  to  be  16^  minutes  slow.  A.  good  clock, 
however,  is  one  which  measures  ofiF  and  indicates  as  twenty-four  hours  a 
period  of  time  equal  to  the  average  length  of  the  solar  day  for  a  year  or  a 
century  or  an  age,  and  such  a  clock  is  said  to  keep  "  mean  solar  time  ;" 
while  the  Second  used  in  physical  measurements  is  the  second  as  indicated 
by  a  clock  such  as  this  ;  and  it  is  the  31,666,150th  part  of  a  sidereal,  the 
3!,656,929th  part  of  a  solar  or  tropical  year. 

Space. — When  a  single  point  moves  it  describes  a  line  :  if  it 
travel  by  the  shortest  distance  between  two  points,  its  path  is  a 
straight  line;  and  a  line  is  an  example  of  space  of  one  dimension. 
Movement  and  measurement  may  be  effected  in  a  forward  or  a 
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backward  diroctiou  along  it,  but  as  a  line  has  ncilher  breadth  nor 
tiiiclinflfls  thorc  can  be  no  other. 

DistancR  along  a  atraigbt  line  may  he  measured  in  one 
direction  arbitmrily  chosen;  let  this  he,  for  instJince,  the  direction 
from  left  to  right;  if,  thea,  a  point  travel  towards  the  right  its 
motion  is  positive,  if  to  the  left,  negative.  If  it  move  a  inches  to 
the  ri^lit  and  then  b  iut:hes  to  the  kft,  its  distance  from  the  start- 
ing point  becomes  a  —  b;  while  if  it  Unit  go  h  inches  to  the  left 
and  then  a  to  the  right,  ita  position  will  becoiae  — b  +  a  from 
tlmt  point;  and  tticse  two  positrons  arc  the  same,  for  a  —  £<  =: 
—  b+a.  Hence  we  learn  that  if  a  point  move  backwards  and 
forwania  by  varying  amounts  along  a  line,  it  does  not  matter  in 
what  order  it  performs  these  operations :  the  spot  ultimately 
arrived  at  will  be  the  same  in  all  cases. 

In  onler  to  effect  mensurements  along  lines,  we  require  a 
Standard  of  length.  Tliis  is  taken  as  the  Foot  or  the  M^tre. 
The  British  standard  yard,  wliich  is  equal  to  three  feet,  is  defined 
by  law  as  "  the  distance  between  the  centres  of  the  transverse 
lines  in  the  two  gold  phign  in  the  bronze  bar  deposited  in  the 
office  of  the  Exchequer"  at  the  temperature  of  62°  F.  A 
number  of  authorised  cupies  of  this  have  been  madti  and  are 
deposited  at  the  Royal  Mint,  tho  Royal  Obscrvatoiy  at  Green- 
wich, the  Now  Palace  at  Westminster,  and  under  tlie  care  of  tho 
Royal  Society  of  Ix>ndon. 

The  metre  is  Uie  distance,  at  the  temperature  of  melting  ice, 
between  the  ends  of  a  platinum  rod  preserved  in  the  Archives, 
and  of  which  copies,  to  regulate  French  commerce,  are  preservwl 
at  the  Minist^re  de  I'lntciricurc  in  Paris.  It  was  originally 
intended  to  represent  the  ten-millionth  part  of  the  distance  from 
the  Equator  to  the  Pole :  the  measurements  of  Delambre  and 
Unchain,  from  wluch  liorda  made  the  standard  metre  according 
to  a  law  of  the  French  Republic  passed  in  1795^  have  been 
found  not  to  bo  quite  correct,  for  the  earth's  quadrant  is  now 
known  to  measure  10,000,SftO  niitreJi. 

The  metric  system  of  measurement  of  length  is  decimal ;  each 
metro  contains  10  decimetres,  100  centimetres,  or  1000  milli- 
metres :  1000  metres  make  a  kilometre,  which  is,  roughly  speak- 
ing, about  I  (5SIJ)  of  a  mile;  one  metre  is  equal  to  39*37043196 
inches,  or  3*28087  feet;  a  decimetre  very  nearly  corresponds 
to  4  inches  (really  3'9370431  96) ;  a  millimetre  is  very  nearly 
equal  to  the  twenty-fifth  of  an  inch.  For  the  purpose  of  physical 
measurement  it  is  customary  and  convenient  to  make  use  of  the 
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Oentimetre*  (-3937043196  inch)  as  a  unit  of  length.     One 
English  foot  is  equal  to  30-47972654  centimetres. 

A  plane  surface  has  length  and  breadth  but  no  thickness,  and 
ia  therefore  said  to  be  space  of  two  dimensions.  Two  terms  are 
always  necessary  for  the  precise  statement  of  the  position  of  any 
point  on  a  surface.  The  position  of  a  ship  at  sea  is  determined 
when  its  latitude  and  its  longitude  are  known. 

The  position  of  a  point  o  on  &  plane  surface  is  determined  l>y  choosiQ^  a 
fixed  point  O  ab  tlie  origin  ;  then  two  axes,  Oz  and  Oy,  are  chosen,  generally 
at  right  angles  to  one  another  ;  aA  is  drawn  parallel  to  Ox,  and  aB  parallel 
to  Oy,  and  the  point  a  ie  said  to  be  situated  at  a  distance  OA  along  the  axis 
of  y,  and  OB  along  the  axis  of  x.  If  a  point  lie  at  the  same  time  three  milex 
to  the  north  and  four  miles  to  the  west  of  a  given  place,  its  true  position  (at 
the  distance  of  live  miles)  con  be  easily  indicated  on  a  chart.  The  symbols 
+  and  -  aie  also  used  here  to  denote  that  the  measurement  is  to  one  fide 
or  the  other  of  the  point  assumed  as  the  origin.  Points  to  the  right  of  0 
have  a  positive,  points  to  the  left  a  negative,  value  of  Oi  \  points  above  0 
have  a  positive,  points  below  a  negative,  value  of  Oy.      Thus  (Fig.  1)  the 


point  a'  has  abscissa  (or  line  cut  off  aloi^  the  axis  of  x)  OB,  and  ordinate 
(cut  off  along  the  axis  of  y)  OA  ;  the  point  a"  lias  abscissa  -  OB  and  ordi- 
nate +  OA  ;  the  point  a'"  has  abscissa  -  OB  and  ordinate  -  OA  ;  that  at 
a""  has  abscissa  +  OB  and  ordinate  -  OA. 


*  It  is  worth  remarking  that  a  French  ten-centimo  piece  measures  3  centimetrea 
across,  while  a  five-centime  piece  has  a  diameter  of  2^  centimetres.  Similarly  an 
English  halfpenny  meuures  an  inch,  while  a  penny  measures  an  inch  and  a  fifth. 
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The  area  of  a.  surface  may  be  measured  if  we  fix  upon  a 
standard  unit  of  area.  Tlie  uuit  of  length  may  be  made  use  of 
in  order  to  obtain  this.  If  a  at^uare  be  constructed,  one  of  whose 
sides  is  oue  foot  or  one  centimetre,  we  Khali  have  a  unit- surface 
whose  area  is  known  as  oue  square  foot  or  one  square  centimetre ; 
and  the  areas  of  otlier  surfaces  may  be  measured  by  comparison 
with  these  standards. 

A  solid  has  kngth,  breadth,  ami  thickness,  and  is  said  to 
occnpy  space  of  three  dimensions.  Tlie  position  of  any  point 
in  tridimensional  space  rei|uire3  three  numerical  terms  for  its 
exact  statement.  The  position,  of  a  balloon,  for  instance,  will 
be  definitely  known  if  the  htitude  and  longitude  of  the  spot  ovtr 
which  it  stands  and  its  hei(;hL  above  that  spot  be  ascerlaiiigd. 

Three  torms  are  aleo  required  to  define  the  position  of  a  star :  the 
tdescope  has  to  move  so  inneli  "in  nzimtith"  round  st  vertical  axis  ;  then  *n 
mach  in  ultitude ;  and  Uiinllyf  tbu  disUnue  of  thv  lUr  in  u  stnujjlit  line 
miut  be  Ituown, 

A  culto  whose  side  is  one  foot  or  one  centimetre — that  is,  a 
cubic  foot  or  a  c\ihic  centimetre — serves  as  the  unit  of  Tolume. 
For  convenience  sake  other  units  of  volimie  are  often  chosen,  such 
as  the  cubic  inch,  the  cubic  decimetre  (otherwise  known  as  the 
liquid  measure,  one  litre),  tlie  cubic  metre,  and  so  forth. 

The  remaining  fundamental  idea  involving  measurement  is 
that  of  Mass,  or  quantity  of  Matter.  The  notion  implied  in 
this  term  i.s  quite  diatint:t  from  that  of  weight.  The  weight  of 
a  certain  quantity  of  matter  depends  upon  the  presence  and 
naamess  of  nlhcr  matter  whinh  attraeta  it  according  to  the  well- 
known  law  c»f  Gravitation,  This  may,  and.  even  within  our 
teiTastrial  observation,  does  vary  ;  the  eft'ect  of  granty  on  a  given 
mass — that  is  to  say,  its  "Weight — is  greater  as  we  near  the  Poles 
than  it  is  at  tlie  Equator ;  and  the  weight  of  a  substance  varies, 
therefore,  according  to  local  causes,  while  the  mass  or  quantity 
of  matter  in  it  remains  the  same.  Cattrvi  parii/m,  however, 
equal  masses  cuimterpoise  one  another  in  a  bnlauce,  and  we  may 
define  the  unit  of  mass  as  that  quantity  of  matter  which  will 
counterpoise  in  a  balance  a  certain  standard  mass  known  as  a 
standard  Pound  or  Gramma 

The  British  standard  pound  is  a  piece  of  platinum  prescr\'etl 
in  the  some  place  as  the  standard  yard,  while  authorised  copica 
of  it  are  preserved  at  the  same  institutions.  Tlie  French  standard 
is  the  Kilogramme  (=1000  grammes),  made  of  platinum,  and 
presen'cd  at  the  Archives  in  Paris,     This  is  intended  to  have  the 
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saxae  weight  as  a  cubic  decimetre  of  water  at  its  temperature  of 
maximum  density — that  is,  3'9°  C.  Since  a  kilogramme  contains 
a  thousand  grammes,  and  a  cubic  decimetre  a  thousand  cubic 
centimetres,  it  follows  that  the  gramme  is  intended  to  be  equal 
to  the  mass  of  one  cubic  centimetre  of  water  at  S'O"  C. 
Comparison  of  the  actual  standards  shows,  however,  that  a  litre 
of  water  weighs,  at  d'Q"  C,  I'OOOOIS  kilogrammes,  and  a  cubic 
centimetre  of  water  at  Z'9°  C.  weighs  therefore  not  1  gramme,  but 
1*000013  grm.  For  most  practical  purposes  the  intended  value 
may,  however,  be  taken  as  correct.  The  British  pound  avoir- 
dupois weighs  7000  grains,  while  the  standard  kilogramme 
weighs,  according  to  Prof.  W.  H.  Miller,  15432*34874  grains, 
and  the  gramme  15*43234874  grains. 

It  ma;  be  noticed  tbat  the  Britis})  fluid  ounce  of  water  at  62°  F.  we^ha 
one  onnce  avoirdupois  ;  that  a  pint  of  water  (20  fluid  ounces)  weighs  there- 
fore B  pound  and  a  quarter,  and  a  gallon  of  water  ten  pounds.  A  French 
franc-piece  weighs,  when  new,  five  grammes. 


■CHAPTEH   IL 


NOTTOKB    DERIVED     PIIOM    THZ    PRKCKDINCS. 


When  a  physical  particle  changes  its  poeitioa,  it  efiecti  Motion. 
Thi*  Motion  or  Change  of  Position  must  be  performed  by 
passing  alon;;  a  definite  c^ontinuo'us  path — contiTiuous  because  it 
is  not  poasililu  fur  any  physical  particle  to  occupy  tw<i  cousecutive 
positions  without  traversing  the  intermediate  space. 

In  tliifl  rpfipoct  tlie  puth  iif  a  jiliyaiiyi.!  puiiielo  (tiliers  fn«ii  uiuiy  mathe- 
m.iticnt  curveH  wiiidi  iLlinijitlv  ittid  ut  otii:  jioiiit  lUid  ».-cii)iuiuetiui;  Ihttir  caiinu* 
at  (ttinthi-r.  01)vuju»ly  tlw  ]iutli  iii^i:ril)(-il  hy  thuj  mnvin^'  i>Brticl«  amy  Itavc 
auy  fi:>nii,  strniglit  cir  ntrveil ;  anil  Ihv  xlturtt^^t  possible  p«ith  betwi^a  tiiD 
initial  (uiil  final  positionM  is  a  stmigbt  line, 

A  moviiij,'  hijdy  may  travel  vapidly  or  slowly :  the  rate  at 
which  it  travels  along  its  path  is  called  its  rate  of  motion,  its  rate 
of  change  of  position,  its  Velocity.  The  Velocity  of  a  moving 
hotly  raay  bo  stated  in  units  of  length  per  unit  of  time,  e.g.  feet 
per  second ;  and  a  body  is  moving  with  Unit  velocity  when  it 
moves  one  foot  in  a  second,  or  one  cenlimetre  in  a  second.  It 
will  be  observed  that  it  is  necessary  for  us  to  make  consistent  use 
of  the  British  or  of  the  metric  units  of  measurement,  and  not  to 
use  them  confusedly  within  the  limits  of  the  same  problem. 

A  body  wliich  moves  sixty  feet  in  five  secouds  haa  a  velocity, 
evidently,  of  twelve  feet  per  second.  The  velocity  is  equal  to 
sixty  divided  by  live — that  is,  to  the  whole  space  traversed  divided 
hy  the  lime  occupied  in  the  movement.     In  algebraical  language 

this  is  expressed  thus:  i;  =   - ,  where  the  velocity,  space,  and  time 

are  denoted  by  their  initial  letters.  Multiplying  bath  sides  of 
this  equation  by  t,  we  get  vt  —  s ;  the  space  traversed  in  n  given 
time  is  equal  to  the  velocity  per  second  multiplied  by  the  number 
of  seconds. 

If  the  body  move  through  equal  spaces  in  equal  times,  the 
velocity  is  said  to  be  imifono. 
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We  are  familiar  with  instances  in  which  a  l>ody  such  as  a 
railway  train  is  said  to  he  ninning  at  a  certain  time  with  a 
velocity  t)f  (say)  thirty  milea  an  hour.  This  iudicatca  tliat  if  the 
train  ran  fur  a  whole  hour  at  the  rate  at  wliich  it  was  travelling 
at  ttiti  instant  uf  ubij^rvatiou,  it  would  at  tlic  eud  of  aii  hour  he 
thirty  milus  away  from  the  point  which  It  occupitid  at  the 
beginning  of  it  But  the  train  may  possibly  not  have  run.  more 
than  a  mile  on  the  whole.  The  statement  means,  then,  that 
daring  (say)  a  minute  it  ran  half  a  mile,  and  that  therefore  during 
sixty  minutes  it  might,  at  tlie  same  speed,  have  run  thirty  miles. 
But  even  during  a  minute  it  may  have  ji^ained  or  Inst  s[teed.  m 
as  to  render  its  motion  not  uniform  hut  variable  :  the  utiitenienC 
would  be  still  more  exact  if  we  Vnew  tliat  in  d\  seconds  it  ran 
the  twentieth  of  a  mile,  or  in  one  second  the  hundred-anct -twentieth ; 
for  when  the  interval  of  time  is  very  short,  there  is  less  possibility 
of  Tariatiou  duiing  that  interval,  and  the  speed  a]j]ut)xiumte9 
more  nearly  to  uniformity.  Hence  the  variable  velocity  of  any 
moving  body  at  a  particular  instant  is  found  by  observing  the 
amount  of  motion  effected  in  a  certain  very  short  interval  of  time, 
and  finding  what  movement  wuuld  he  elleuted  in  one  unit  of  time 
if  the  velocity  were  to  remain  uniform  during  that  period. 

If  a  body  move  over  a  cetiaiti  spauu,  s  (say  tliirty  foet),  id 
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time  t  (say  ten  seconds),  the  equation  f  ^  ~  ^  —  =3  feet  per 

second,  shows  what  the  mean  or  average  velocity  is  during  the 
motion.  Tlie  mean  velocity  of  a  train  which  travels  fifteen  miles 
in  one  hour  is  a  quarter  of  a  mile  a  minute,  or  -g^-jjth  part  of  a 
mile  in  a  second,  although  during  some  seconds  or  minutes  it  may 
be  travelling  at  the  rate  of  sixty  miles  an  hour,  at  others  may  be 
standing  still,  and  at  others  may  be  actually  going  backwards. 

All  velocities,  mean  and  constant,  uniform  and  variable,  may 
be  expressed  in  feet  or  in  centimetres  per  second,  and  can,  when 
BO  expressed,  be  compared  with  one  another. 

All  measurable  velocities  are  Relative ;  we  know  nothing 
about  Absolute  velocities  in  space,  for  we  have  uo  standard  of 
cumparisun. 

Probiems. 

1.  If  ■  body  move  144  feet  in  3  Bwonrln,  what  will  be  lt«  mean  velocity  1 
—Jim.  48  fcet> 

i.  In  tlie  previona  (lucslion  :  Wbut  will  be  ita  velocdty  during  thn  Mtcnnd 
•ecoiul  if  it  travt!l  18  feet  m  the  firrt  Mcond  uul  BO  feet  in  the  third  ^— 
Aiu.  49  itrL 

3.  A  body  moves  with  a  uuifunu  velocity  of  40  uiUaa  1600  yanb  per 
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hour:  what  is  itn  velocity  in  feel  jx-r  tLConfl  ;  and  how  many  fc«t  will  it 
travcnc  ill  10  acconJn  I — Ans.  60  feet  per  second  ;  6(J0  feet. 

4.  A  lailwAV  train  exploiloa  twn  di^loiutting  signals  placed  on  thr  raila  at 
A  diilHtice  from  otic  anutli^r  of  !76  fv(?t ;  nn  inU-J^iil  of  ^zHctly  S  Hccondii 
nlitjiw-H  lietwwii  thr  i-xj>l"ni<>un.  Ounjittn-  i!ii*  vi-lnriLy  diirinj,'  tliot  interval 
witJi  llip  ineaii  vulocity,  wlncli  is  iiulicated  hy  the  Rtatvment  ihnt  the  train 
takes  an  ]iy«r  and  a  half  to  perform  the  journey  l>etM-ee]i  two  Btations  45 
milee  ilistnnt  from  oqo  tuiuth^r. — Atn.   It  is  twice  the  mean  veli^cJty. 

.V  Which  is  tli«  greater  wlucity,  40  miles  oii  hour  or  IS  niiilrus  per 
n't:!;!)!)  1 

6.  A  truiu  truYcls  10  tuilea  at  &  vulucity  ot  SO  milefl  per  hour;  then 
4  iniltw  at  iin  average  rate  of  30  iiiilee  p«r  hour;  then  6  at  a  uniform 
rate  of  40  milcji  per  hour  ;  it  tjikea  1  mile  to  come  to  rest,  running  nt 
an  average  Rpeed  of  SO  miks  an  hour ;  it  RtAnilH  for  7  mintltM :  it  starts 
and  runn  for  £0  miiiut«ji  at  the  avcrof^e  irpeeA  of  81  rnilM  an  hour.  Wb&t 
ha*  been  ita  mean  reWity  1 — Ans.  32  f«i;t  per  Kcond. 

Acceleration. — Wlien  the  velocity  of  a  moving  liotly  varies, 
the  Kate  of  Change  of  Velocity  is  called  its  Acceleration.  In 
popular  language  this  word  indicates  increase  of  speed,  but  it  is 
in  tliis  connection  used  to  signify  the  rate  of  change,  whether  that 
change  l>e  an  increase  or  a  diminution  of  the  velocity.  If  a  body 
be  moving  at  the  rate  of  ten  feet  a  second  at  the  beginning  of  a 
certain  second  of  time,  and  at  the  end  of  that  second  be  found  to 
be  moving  at  the  rate  of  eleven  or  of  nine  feet,  it  is  said  to  have 
rt'ceived  during  that  second  an  acceleration,  positive  in  the  former 
case,  negative  in  the  latter,  of  one  foot  per  second.  Acceleration 
is  usuuJly  indicated  by  the  syuibol  a,  and  tlie  Unit  of  acceleration 
is  the  acceleration  obser^-ed  wlieji  a  body  alters  its  speed  by  one 
unit  of  Telocity  every  second.  A  body,  then,  undergoing  a  unit 
acceleration  (in  liritLsh  units)  has  its  speed  increased  or  dimin- 
ished by  one  foot  in  one  second,  two  feet  in  two  seconds,  and  so 
forth. 

If  n  liody  move  with  velocity  V,  and  at  the  end  of  t  seconds 

with  velocity  V^,  the  total  change  of  velocity  during  t  seconds  is 

V^— V,  the  time  during  which  this  change  is  effected  is  t,  and 

V  —V 
the   accelemtiou   per  second   is    -i .      This  is   the 


mean 


acceleration  during  the  time  t:  and  the  acceleration  may 
during  that  period  (  be  uniform  or  variable,  but  an  approximAtton 
to  ita  value  at  any  instant  may  he  found  by  making  the  interval 
t  as  short  as  possible. 

ProbUms. 
1.  A  Wdy  startii  irom  rest  under  the  inSauDce  of  a  force  which  produces 
Acceleration  o  =  2  ft. :  when  will  it  have  &  velocity  of  1000  feet  per  cc-ctind  1 — 
An».  At  the  end  of  the  SOOtli  aecoad. 


'iLl 
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S.  A  bodjr  travola  al  13  r<.-i-t  per  sccunil ;  in  10  Mooude  it  is  tuoring  7 
r^->t  per  second  :  whal  is  the  nieuii  ac4:elenitioti  I^Atis.  -  A  foot  per  aecooiL 

3.  ir  in  the  \anl  ipieetion  the  accelemtioii  liail  Iiesti  +  ^  foot  per  seeond, 
what  would  have  buen  the  rat«  of  movement  nt  th?  eml  of  10  (wconditl — 
Am».  1 7  feet  per  Koond. 

4.  A  body  moves  in  tbc  EireL  sL-cond  tUirin);  which  it  in  under  olinfrrvation 
Ibrongli  a  apace  of  1 G  fivt ;  in  the  fourth  wcoad  tlirau);h  113  feet :  wliat  is 
the  acceleTBtioa  i>er  Hec-und  '1~~Aju.  3S  f«et,  aa  that  in  coiuecutive  Kcotidi  it 
tOAVo  16,  4fl,  80,  112  fi^ut. 

5.  A  bmly  b»  it  himvom  in  iiindi!  tn  it.'<:(iiil  itn  own  )>p«t^l  :  il  iii  fuiind  that 

at  a  certaiu  iiut'-uit  it  in  juavin^  nt  lEic  nilv  of  1 1:2  h.-><:t  a  eecQiid  ;  aflor  an 

iuteiral  of  g'g  Bvc>nd  ils  v(.>locity  i«  114  fwt  p«r  Mevontl:  wliut  is  its  accet- 

,       .       V-V       114-112 
n  1 — ^lUL  -'-: —  " i —  40  fuct  per  awond. 


0.  A  paiiiclu  mnve*  at  th«  mean  rat«  of  10  C4!iitiinetn^»  per  second  ;  th* 
nut  eecoud  it  mures  at  the  muun  i'Ut«  uf  8  cuntiuivtn^  pur  KLoiid  ;  tiub 
acceleration  u  cuuHlaiit ;  bun-  for  will  it  Iruvvl,  and  what  will  it  du  when 
it  liaa  I'ouie  to  n^&t  I — Ant.  It  will  gti  on  for  b^  Kcundp,  will  tnivui-eo  30'2I) 
ventimetns,  and  will  return,  arriving  at  cvary  point  on  its  previous  [>jith 
vitb  the  fame  npwd  a.i  that  u-ith  whiuh  it  left  it,  and  will  retrace  the  30'2!> 
centimetres  in  anotluir  5  J  «cc<ondt«,  passing  the  atarttng  point  with  a  revenicd 
velocity  of  10  contimctrea  per  Bccond. 

Momentum. — \\1ieu  a  bi>dy  whose  tuaas  is  m  moves  with 
velocity  V,  it  is  said  that  thu  lolal  Momentum  or  Quantity  of 
Motion  is  the  product  of  these  two  terms,  iiamelj',  mv.  The 
greater  the  velocity  or  tho  greater  tlic  ntaas  moveil,  the  groater 
the  quantity  of  inotion. 

Force. — Wlien  a  hody  whicli  is  at  rest  ia  set  in  motion,  or 
one  which  is  in  motion  is  ac;celerate<l  {j)oeiti>'ely  or  negatively)  or 
deflected  from  its  straight  course,  we  attribute  theae  effecta  to 
impressed  force,  or  simply  to  Force.  This  is  sometimes  defined 
as  any  Cause  whicli  t<mds  to  alter  a  body's  state  of  reat,  or  of 
nnifonn  motion  in  a  straight  line.  It  ia  better  defined  as  it  is  hy 
Newton,  not  as  a  cause,  an  existing  retility  of  any  kind,  hut 
simply  aa  an  obsen^ed  rUonomenou,  a  measurable  Action  upon  a 
body,  under  which  the  state  of  rest  of  that  body,  or  its  state  of 
laiiform  motion  in  a  straij;;lit  line,  suflcrs  change.  As  to  the 
uaturc  of  this  aotion,  we  can  my  no  more  than  that  it  is  always 
associated  with  the  presence  of  a  second  hody,  which  [losseases 
energy  of  luotiou  or  of  position,  hut  sacririces  it  in  acting  upon  the 
hoily  whose  state  of  rest  or  uniform  motion  is  disturbed.  The 
mutual  action  of  two  bodies  is  essential  to  the  production  of  those 
effects  which  we  commonly  attribute  to  Force.  "We  are  quite 
Tamiliar  with  the  effects  of  Gravitation,  but  we  cannot  yet  say 
that  we  know  what  tlie  force  of  Gravitation  isL  Forces  con- 
sidered OS  measurable  Actions  are  measui^d  by  the  Masses  set  in 
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motion,  and  by  the  Velocities  imparted  to  them  in  Tinit  of  time — 
tliat  is  to  say,  by  their  Accelerations;  and  the  e(|uation  "P  =  ma 
euables  us  to  measure  atiy  foi-ct;  F,  in  t«rius  of  a  mass  m  and  the 
acceleration  a  imjiartud  to  it,  as  found  by  observation. 

Fnrce  may  also  be  mpuHtirerl  as  an  01:)i(crve^  Ttat«  nf  Change  of  Momen^ 
tnm.  AccflcmCicHi  a  =  mU-  of  cfianpp  of  velocity  r;  F  =  mxa  =  TO  x  rite 
of  chnngi:  uf  v  =  rnb;  of  chtiiij^c  of  mo  =  rate  of  clianf^  of  momftitittn. 

Hy  a  oijnveuicnt  fonn  of  speech  u  jriven  Force  is  suiil  to  act 
upon  a  ^iven  budy  and  to  impart  to  it  a  j^^iven  itcctjleration.  It 
must  be  constantly  bumc  in  iniiid,  however,  that  a  Force  is  not  a 
physical  entity,  and  can  never  be  measured  until  we  already  know, 
absolutely  or  by  comparison,  the  mass  acted  upon  and  the  acceler- 
ation imparted  to  it ;  and  force  may  bcj  increased  or  diminished 
by  varyinj^  the  arrangement  of  the  bodies  to  wliose  mutual  actions 
it  coniesponds,  as  in  the  casft  of  the  Hydraulic  Press  ■whose 
ordinnrj'  action  presents  an  apparent  increase  of  Force;  while  if 
the  action  be  reversed.  Force  seeras  to  be  destroyed. 

If  a  Ijoily  wef^liing  tbrcc  pouodB  be  i^et  in  motion  wi  as  at  ihe  end  of  one 
BC«oiiil  to  have  bw)  u  volouity  of  fotir  f«et  p«r  W(.-oud  iniparted  to  it,  tbea 
F  =  ma  =  3x4  =  12  ^oiiuduls  ur  BriLiHli  uiiiU  of  fyrcf,  Tbc  mian  force 
wouM  bavL'  iuipartwl  Lu  a  twu-pound  luuss  ua  nea-lurntioii  of  tix  ftft,  to  a 
tni(!-|Miutiit  tiiiLK.^  :in  accdiTatitin  nf  (wclv(>  ti^cl,  mid  Ui  ii  rwelvtvpiiiind  mnw 
it  woulcJ  Iwive  imparled  in  on«  seconti  n  speed  of  one  foot  [ht  scconil. 

If  the  mass  moved  be  a  unit,  and  the  acceleratioa  imparted 
be  unity,  the  product  F  =  via  is  aim  unity ;  and  hence  the  Unit 
of  Force  is  to  be  defined  as  tliat  under  the  action  of  wliich  a 
nuit  uf  mass  will  come  to  move  with  unit  velocity  when  it 
has  been  acted  upon  fur  one  second. 

It  will  be  nbftervfd  tlint  this  deflniLicm  of  the  Unit  of  Fo^rce  i»  absolute, 
is  not  ftffpi'tert  by  Tnriittiono  in  tli«  furc«  of  Kravity,  and  is  Lcncc  cverywhcrt 
th«  iarae.  Whea  we  meiuure  force  in  pounds  or  in  RmmnieB,  since  jiitavily 
varies  from  plac«  to  place,  we  introduce  tbe  unneceMiirj  cunipii onion  of  a 
local  variation  in  the  value  of  our  unit  of  force— tbat  force,  uouicly,  which  i« 
equal  to  tbe  wei)j;l]i  of  a  puiLnd-iuass  or  of  a  gnuniuu-oiuM. 

If  the  nnit  of  length  chosen  bo  the  centimetre,  and  the  unit 
of  mass  lli6  gramme,  the  Unit  of  Force  will  in  one  second  cause 
a  gramnie-mtisa  to  aw^uire  a  velocity  of  one  centimetre  per  second; 
and  the  unit  of  Force  so  defined  is  called  a  Dyne.  Any  force 
may  be  stated  to  be  equal  to  so  many  dynes. 

1.  A  cerUiin  force  nets  upon  m  nniu  of  mosa  of  matter,  and  at  {he  end 
of  a  cocond  that  mau  is  found  to  bo  moving  with  a  velocity  of  3S  feet  per 
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hx<uh1  :  what  velocity   will   be  pri^luccil  if  tb«  aame  forcG  act  itpoQ  SSnt 
nnits  of  ma*«  for  th«  a&mt".  fierioJ  I — Anx.  One  foul  p^r  second. 

S.  How  xniLiiy  ilvDiM  of  forw  arv  ntinirvd  to  fc.-t  a  liuuts  weighing  60 
lulognmme*  in  mutinu  will]  a  vi^lucitv  of  1  %  mi^nn  |m.t  lW^coltll,  the  force 
Ixt)^  Kip5Knr(l  U>  art  for  pracinely  one  oecond  I — Atu.  60,000,000. 

3.  How  many  dynes  are  requiretl  f  laake  a  gnuamc-maw  move  with  a 
velocity  of  961  metrea  per  eecond,  the  f'^rcc  measured  in  dyues  b«in|{  eup- 
puscd  to  act  for  prvL-iiuly  cik>  tecond  1  wluit,  if  it  ub  for  two  oecaadB  'I — 
Aiu.   981  dynes;  40O-5  dyiu-s. 

4.  Compare  itiu  vuluciUca  produu-d  by  the  aelioQ  on  inanM  of  S  Ulo- 
grsmmes,  750  i;raiuin<»,  oncl  I  gnunmo,  of  forces  mcuDriog  respectively 
SOOjOOO,  1 12,500,  and  1M>  dynes.— .4ru.  All  uciud  ;  150  ceotiuwtns  pur 
aecaad  if  Hie  action  endure  for  one  second. 

Si.  Eciitol  forces  act  upon  the  tnusea  spMified  in  tlie  lort  c^ucetion : 
what  will  1«  the  rdntive  (woekrations  produced  ? — Am.  .1:8:  6000, 

Weight. — We  liave  here  to  anticipate  what  will  be  after- 
is  itiore  fully  diacuased,  hy  deRuing  the  Weight  of  any  given 
^ass  as  the  Action  of  Gravity  upon  it  at  a  given  spot.  This  is 
identical  with  a  Force  acting  upon  that  mass ;  and  as  every  force 
may  be  represented  &a  equal  to  ma,  the  weight  of  any  given  mass 
the  product  of  that  mass  inUi  the  acceleration  produced  by  the 
)n  of  gravity.  Experiments  .qhow  that  every  mass  of  matter 
acquires,  if  gravity  act  freely  upon  it  for  one  second,  a  velocity 
of  nearly  32*2  feet  (981  centimetres)  per  second,  Tliia  accelera- 
litm  is  found  to  bo  independent  of  the  natuie  and  of  the  size  of 
the  falling  body.  The  force  acting  on  a  falUug  gramiue-maaa  is 
therefore  ma  ~  1  grni.  x  981  cm,  =  981  dynes. 

The  British  unit  of  force  (that  force  which,  acting  on  a  pO'Und-niaflB  for 
one  KCTind,  prodaoe*  an  aecelemtion  of  one  foot  per  second)  it  otu:  poundal ; 
th«  Wfi}{bt  of  ft  i>oiiiid-iiia«s  (since  it  producer  in  that  mant  an  acceleration  of 
33-S  fk-ct  per  second)  i»  equal  to  322  poiindalM ;  or  the  poundal,  as  a  tinit  of 

force,  is  cxjual  to  thu  wdght  of  -  —  of  a  pound-numi.     Hence  it  i«  said  that 

Cbe  Briliah  unit  of  force  is  nearly  equal  to  the  weight  of  half  un  ounce. 


rig.a. 


If  a  poTnid-maas  lie  <lividc-d  into  two  puts,  one  of  which,  A,  weighs 

<)  I  'fi  1 

js:^  Ibe.,  and  the  other,  B,  ^r:,  Iba,,  and  if  the  weight  of  Uie  smaller  be  em- 
ployed to  sot  both  in  motion,  then  tlie  whole  toaw  set  in  motiuii  i-*  I  lb., 
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and  the  force  acting  is  ^^  of  the  weight  of  1  lb.,  ie.  r^  of  32-2  poimdala 

— that  is,  one  poondal.  Hence  F  =  1,  m  =  1 ;  and  since  F  =  ma,  a,  the  accel- 
eration, must  be  unity,  and  at  the  end  of  a  second  the  whole  mass  will  be 
found  to  be  moving  at  the  rate  of  one  foot  per  second. 

We  can  state,  then,  that  any  given  force  is  equal  to  the  weight  of  so  many 
units  of  mass  at  a  certain  definite  place. 

The  observed  acceleration,  981  (or  32-2  according  to  the 
system  employed),  is  not  constant  from  place  to  place  on  the 
earth's  surface,  and  so  weights  vary  while  masses  do  not  This 
variable  number  is,  however,  usually  represented  by  the  letter  g, 
which  denotes  the  local  acceleration  produced  by  gravity,  and 
then  the  equation  F  =  ma  is  transformed  for  convenience'  sake 
into  w  (weight,  or  Force  of  gravity)  =  mg. 


CHArTER   IIL 
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Is  the  foregoing  chapt-ers  wa  Iiave  become  acciuaintetl  with  the 
unite  of  Space,  Time,  aud  Mass,  and  with  those,  derived  from  the 
preceding,  of  Velocity,  AccelerHlion,  Moiuentum,  and  Forte  ;  nnd 
it  is  for  us  now  to  ascertain  what  priJiL-ijiles  are  made  use  of  in 
the  various  ifle;isureni«.'iits  effetttd  in  terms  of  these  units. 

lu  the  Measurement  of  Lengths  two  main  metliods  ore 
resorted  to — Line  measurement  (j/icsurc  A  traits)  and  End  meaaure- 
ineat  {Tiufure  &  bouts).  The  former  i»  tlic  method  in  liahitual  use 
uuioug  carpenters,  who  hiy  oH'  so  many  feet  and  incheui  by  the 
aid  of  their  pocket-nile ;  the  latter  is  the  method  which  they  use 
when  they  measure  the  width  of  ii  cavity  by  means  of  a  pair  of 
(-■allipera,  which  they  open  until  it  exactly  fits  the  space. 

Line  Measurement. — Thu  len^li  »r  any  Hue  may  W  meosuKd  by  a 
KnuluaUid  scuIl-,  which  itiuy  hv,  like  the  c-arpeottil's  p<H;ki;t^ritlt!,  mtmbwhat 
roughly  gmJuatcJ  ;  or  iaatruinotiU  on  thu  eamn  [irinciiile  miiy  hu  iiiudc  uat 
fif  whicli  are  finely  and  very  aiM!iirat<?ly  (liviileil.  The  iubii£urenicnt  la 
effected  by  obaorving  the  nearest  coincident  of  thp  marks  on  the  Bcale  with 
the  length  nf  the  ohject,  and  by  then  retidinjj  off  the  valni:  on  the  scale. 
Thi«  is  a  fjimitijkr  opCTstion,  hut  it  will  he  ol«n'rvecl  tliat  it  di>pi'n<li  on  the 
■ocuntcy  of  thu  ni^ht.  The  *yt'  refjuires  to  he  htdd  din-ctly  TirKt  over  om* 
then  over  the  other  end  of  tJie  abject  to  be  nieaaured,  to^ethvr  with  tli*^ 
com^KOidiDg  part  of  the  ecnle,  for  the  true  coincidences  would  be  tUfttnrbed 
if  the  wale  and  ol.>ject  were  Looked  at  obliquely.  It  in  found  that  in 
eatiouliug  luviuurcijicultf  uliidi  ace  veiy  «uall  the  eye  getn  confuted  ;  iiad 
bofidM  this,  thv  dlHiculty  of  luukiiig  ucaLmn-ly  aud  vury  fluuly  )^rnduatud 
MalM  inereuea  wi:h  the  accuracy  rvtiuired.  ThuH  it  biijipetiG  tluii,  while  tbv 
ordinary  S4-tQch  rule  divided  into  vorioue  fnictiDtiB  (>f  an  incli,  or  Wliitwoiih'a 
very  convenient  20-inch  mle,  di^cimnlly  divided,  or  a  meiuiure  dividetl  to  Half 
or  qtuirter  millicietrc"*,  may  W  u.^eil  for  nnwu'iirftnipiilfl  invoMng  dilTerences  of 
the  hundnnlth  bf  an  inch,  it  i»  uuly  n-ith  difficulty  that  they  ran  he  so 
applied,  and  it  is  much  mori;  ooavtnicnt  in  c^ul-s  involving  niiniiti>  nieaaure- 
meata,  bucU  a»  observaUons  of  the  heiffht  of  the  barometer  or  thermometer, 
to  uw  a  coutrivuuc«  called  a  Vernier.  This  is  a  siibsiiliary  scale  whieh 
slides  up  and  down  pnj>t  thu  ttiain  scale,  and  is  differently  divided  from  tt. 
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Tliute  aro  two  kuuls  oT  Vomiitr  in  um,  tliosc  known  as  the  Barometer- 
Verniur  otid  tJio  Sextnut-Vtrntcr,  whicli  r:quuv  Kpimitu  dvsi:ri|<tioD. 

The  Barometer- Vi-rniiT  is  thus  gratlualvd :  a  line  isewt  off  oii  tho  vernier 
Kqu&l  to  okvcTi  diriMnnii  on  the  main  Knalc  ThiH  line  is  dividml  iuto  ten 
c(|Ual  pnrtfi.  Kacti  of  tlieac  parts  tlieivfnrc  is  (h^iuiI  to  1^^^  diviMon  on  the 
luAin  tcalc  If  the  niAin  tcale  be  divided  to  tt-ntko  nf  kh  inrli,  the  difTerenoe 
betvecn  a  division  on  tho  main  scale  and  one  on  the  veniiLT  is  j^  inch. 
Snpposo  tht  object  measured  to  be  monr  than  2^'5  lacbce  and  Icu  thftn 
29-6  inches  on  the  sciile.     The   zero  of  the  vernier    ia  laid,  as  exactly 
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an  poasible,  oppusito  to  the  point 
whtfiM  pOHilioii  ID  to  be  fouud,  lh<!  ex> 
Irviiiily  of  thx:  object  to  be  iiicjiiiurui,  <rr 
the  hviijbt  i>f  the  nuTciiTini  coIluuti  in 
the  baromet*.T  ;  then  un  looltinB  down 
thii  vernier  it  will  be  found  that  at 
Bi>me  point  there  is  a  coincidence  be- 
tween A  pTftdiintion  mark  on  the  vernier 
and  one  on  the  main  ecole.  Tim  num- 
ber  of  that  mark  on  the  vernier  ia  noted, 
and  that  ia  the  li^ni-c  suqnired  in  the 
Becond  pince  of  detimaJA.  For  cxampb-, 
li;t  the  point  A  be  iibuvi^  29-&,  bebiw 
29B  inebcjt ;  the  ai-ni  puinl  0  of  the 
vvm^tT  i»  br«ii>;bl  oppwiU'  to  it  :  the 
point  6  of  the  vernier  cuincidea  with  a 
division  of  the  luaia  scale ;  the  length 

is  S9&e. 

In  the  Sextant -Vernier,  an  it  i* 
called  in  this  country,  which  is  the 
form  more  unually  found  in  inetnimenta 
of  fnrei^  malce^  the  diviftionB  on  the 
vernier  run  in  the  mnie  direction  la 
thunc  on  thv  main  M'dle.  A  line  i»  Kt 
off  on  the  vernier  cqoat  to  nine  di^-isions  of  the  main  *cale  ;  this  w  divided 
into  ten  parts,  each  of  whieli  in  equal  to  nine-tentiis  of  a  division  of  the  main 
Kcale.  In  tb«  tuunn  way  the  vvrtiinr  ia  ninveil  until  ita  i^m  point  is  brought 
uppo»ite  the  end  uf  the  object  [u  be  uicasuied,  and  the  murk  -up  Lhu  vernier 
which  Grst  cuiucidt»  wiih  a  division- murk  on  the  niuin  scale  ^vea  the  Itgurc 
as  befure. 

Frequently,  as  in  the  aextant,  a  little  mngnifying  gloaa  ia  ao  placed  that 
the  *ero  point  of  tltti  vernier  may  he  by  its  ai<l  bronght  more  accaratcly 
opposite  the  object  to  be  nteoourcd.  When  etill  (greater  accnracy  w  required, 
a  tnicroitcnpe  is  no  placed  am  to  ensure  the  greatest  pofli>i)>le  conipletcneaii  of 
coincidence  between  the  zero  point  of  the  vernier  and  the  end  of  the  object 
to  be  nicaBured,  both  of  which  are  oimultajieuualy  bi-ougbt  into  the  centre  of 
the  field. 

The  CathetoniettT  tj*  an  instrument  -whereby  vertical  heights  «ie 
m«asun«l.  It  eonnirt*  of  a  ^'ertical  rod  on  which  a  finely-Bradualed  »ca\v 
is  en|,;nivtil.  Tliin  enrrieo  a  sliding  piece  to  which  is  attached  a  toIwcoiHr. 
In  this  tele«eopo  is  fixed  a  pair  of  Kpider  threads  or  line  plaliunm  vruv* 
arranged  at  ri);ht  angles  to  one  unuther,  and  so  placed  (in  the  focus  of  the 
eyepiece)  as  to  le  visible  einiulUuicouvly  with  the  object  looked  at  ihrougli 
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iba  lenses.  The  tolescope-carrier  is  placed  in  such  a  position  on  the  vertical 
rod  that  thi!  lover  i^nd  of  the  Dbjoct  to  be  iiieiuitimil  Li  Re«D,  wlii'ii  loultcd  at 
through  thv  tclcMope,  to  coinciilc  cinctly  with  i\w-  p«int  of  cra-u^in"  of  the 
dpidcf-thiVAds  in  th«  flfild  of  view  ;  then  it  i»  Hlid  u[)  until  the  upper  end  of 
the  object  to  be  tneuured  app&ars  to  cGint-ide  with  the  Mine  point  ;  the 
distoact  along  which  tlit!  cArri«r  haa  l)ci-n  atid  aloni^  the  vertical  nxl  indicaLex 
the  hei};ht  of  the  ubjeirl  to  b«  iimjuiured.  Proviawn  mtiBt  be  iiiAde  in  tliv 
cocutruction  of  thu  appiLrnlmi  fur  eimunng  that  the  vertiiml  rud  in  ({uibr 
[Mtrpvndiciilar  to  the  hunion  ;  this  i«  irtrected  bjr  mulciiijf  it  cUiiid  upon  thnsc 
•enws  whow  heights  can  be  sdjaslcd  till  a  spirit-lwel  Jndiciite  the  base  of 
the  apparatus  to  be  quite  horizont^Ll. 

It  mny  lie  uecesaor/  to  conipnre  a  EtandanI  messure  with  tho  length  of  a 
body  which  i»  viry  ncta\y  of  thu  mine  length  oe  the  standard.  In  thii  cose, 
s  niieroMope  may  \x  jiUcimI  at  eiich  end.  Coincidence  as  perfect  as  poMiibte 
It  t»LabliH]iL-d  betwL'on  the  images  of  the  ohji?ct  ami  the  ^tuJiduM  mi-iuure  in 
the  field  of  the  fimt  microscope.  If,  then,  the  coiiiddcnce  is  perfect  in  the 
field  of  the  necond  nticnMcoiie,  the  uljcct  i>  of  precisely  the  same  leiiffth  aa 
the  utAndord.  T\m  but  rrnvly  occura,  and  the  object  in  view  fre(|U(^iitly  i* 
to  uc«rbiin  wh»t  th«  error  utnoiint:*  to.  The  second  m lerasc<>pi.t  is  provided 
with  eptder  threads  in  th?  focu«  of  the  eyepiece,  and  the  <^nd  of  Lhi.>  oliject  is 
brought  exactly  uniier  the  apparent  crowing-point  of  these  llirends  ;  then 
the  microocope  is  moved,  along  until  the  end  of  the  standard  sppcars  to  be  in 
the  sanie  position  ;  the  extent  to  which  the  microscope  has  been  iiiuved  indi- 
c«t««  the  difference  bt-lvrecn  Lhu  two  Uiigtlis  compared,  ^iuee,  howtvcr,  the 
unonnt  to  which  the  uiicmHcupt:  luu  been  luuved  niay  be  excecdiuf^Iy  «ui(l11  oud 
difBcnlt  to  nieuKure,  the  methods  hitherto  iJ>.>!vnbed  may  be  insufEcient  in 
accuney,  and  we  liiiv*^  to  rfAnrt  to  Uhkv  ninrv  dcJicate  dericee  which  depend 
on  the  propertk's  of  the  ttcruw. 

The  Screw,  as  nill  be  seen  on  examination  of  any  Bpecimen,  prewnts  u 
^ir&l  coiled  round  a  cylinder.  If  a  screw,  having  twenty  threads  to  the 
inch,  be  inaerled  in  a  fixed  bwly,  and  ttimid  round  exactly  once,  its  point 
will  have  advonceil  the  twnntii^lh  port  of  an  inch.  If  the  heail  of  the  ttcrew 
be  CQiinei^L«d  with  »  jMitnler  fixed  on  it  at  right  nngleo,  which  can  indicate 
on  a  gniduated  circle  thv  amount  of  rotation  of  the  srmw,  tliere  will  be  iiu 
diihculty,  oven  with  roughly  mmlu  a]ipiimtiM,  in  causing  the  screw  tu  execute 
M  rotation  of  half  a  circle,  a  quadmnt,  45',  5*.  or  oven  l*.  If  a  screw,  then, 
which  has  twenty  tnrnd  to  the  inch  be  tumeil  through  onu  degree  (g!^ 
of  m  coinplelc  turn),  it«  point  will  have  tulvanced  or  been  retmcted  by 
nv  ^  fU  =  TiffC  ifn-h.  But  thi.'i  ir  ron^'h  mi'^iircmcnt.  By  nrnking  the 
hntd  of  the  ftcrew  part  of  a  laivc  wheel  with  grndTiaWd  circuinfi-n'ncc  and 
onng  a  fixed  vernier,  rotation  of  the  Krew  to  the  Dxtont  of  half-a-niinute  of 
ata  can  be  easily  obsen'cd,  and  this  would  correspond  to  onward  motion  on 


the  part  of  the  point  of  the  screw  of 


Tirmnnr 


inch.     The  principle  of  the 


•crew  tlius  enables  a»  to  detect  and  Ui  itiea.<>ure  very  small  qnantittc.'i  of  motion. 
If  the  second  microK^ojw  in  the  laat  pitTAgnLph  I>e  coniiecled  with  a  grmlunt^'il 
screw  of  this  kind,  Iho  amount  «i  it*  motion,  indicating  the  difference  iff  lengtli 
of  the  two  ol'Jects  measured,  chu  be  very  exactly  determined. 

[q  Sir  Joseph  Whitworth's  measuring  macliines  advantage  is  taken  of 
another  principle  for  producing  and  measuring  very  slit;ht  motion.  The 
KRW  (twenty  thn'^wlt  to  tht;  inch)  is  driven  by  a  "worm  wheel,"  a  wheel 
besriig  SmO  teeth  on  its  circiiiuference  :  this  is  propelled  by  a  tangent 
■craw,  a  scrcvr  whose  threads  fit  between  the  t£Ctb  uf  the  worm  wheel : 
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each  turn  of  the  tao^nt  ecrvw  tends  each  tooth  of  the  worm  wheel 
forwarJ  into  the  position  previously  occupied  tjr  tlic  tooth  im mediately 
before  it — tlint  ii  to  say,  causes  the  womi  wheel  itjiplf  to  revolve  throufili  thi- 
two-huMiredlh  pm-t  af  360°,  and  U>  pnsjt  the  point  of  the  screw  forward  by 
the  fnur-tliouMindtli  of  im  iudi.  But  tlit^  tiuigt-nl  Hcrtw  t*  itM-lf  driven  Ly  « 
wheel  divit]ed  iulo  25U  imrt*,  so  tbut  if  this  wticel  hi:  turned  niuml  ^mly  une 
division,  the  taiiKeat  ecrtw  ie  rvtalcd  a  Jo  "f  a  turn,  aiiJ  the  puint  of  the 
"worm  wheei"  ecrew  ie  thus  presEed  forward  the  SftOth  part  of  j^^,  t>. 
the  millionth  port  of  an  inch. 

If  a  Bci-ew  he  lixwl  at  each  tnd  »o  Uiut  it  can  rutalt  tin  uoi  prog]vi>s,  th* 
"thread"  of  the  screw  will  tipiHor  lu  [luvul  when  the  »^;ruw  itsvlC  is  turned. 
If  any  object  (the  dide-ri'st  of  u  Inthi:,  ur  the  like),  have  u  ft.'malu  Ecrew  '  cut 
in  it.  and  he  by  moonE  uf  tliat  wrew  fitliid  upon  a  rotatory  but  othcrwiw 
filed  male  acrtw  ;  and  if  it  he  then  placed  lietween  guides  eo  a«  to  be  free  u> 
move  hackwnrdfl  and  fomardH  alon^  the  fixed  screw  but  in  no  olhcr  direction  : 
if  then  the  tixcd  wrtw  Iw  rotnUti,  the  ohject  homo*  by  it  will  Irnvel  alon^  it 
in  onu  direction  i)r  the  other,  ocrordinK  to  the  Reiixv  of  the  rtilMtiou,  Thin 
mucbariinm  will  be  tlioroughiy  understood  on  lookin^^  at  tl]«  trnveniinK  screw 
and  slide-rest  of  a  hithe.  II'  the  travelling  carrier  bear  a  pencil  or  a  diamond, 
and  mark  paper  or  glass  at  Vf\uti\  intervals,  a»  indicated  by  equal  rotations  of 
the  driving  wht^el,  we  t^ball  liavv  ii  cuutiivauce  illustrating  tlie  main  prin* 
cipl«  of  the  Dividiuf;  Eni^intr  whieii  is  ui^ed  for  iiniduatinc  iheriiiometvr- 
tuhvs,  etc. 

End  Measurement.— If  a  coupk  of  njds,  exactly  ten  fen-t  in  length,  W 
placed  on  the  ground  end  to  end  ;  if  then  tlic  fir^t  rod  be  laketi  uj>  and  care- 
fully laid  (Uivm  endwaVF  nt  the  nthcr  end  of  the  aecond  ;  and  if  the  racand 
be  token  up  and  placed  in  the  same  way  beyond  the  firat  and  ju«t  in  contact 
with  it,  and  so  on  :  then  a  very  accurate  s(.-ttinj;t  off  of  any  ntultiplt  of  ten 
feet  can  he  easily  effected,  provided  that  tlie  roda  themselves  are  exactly  ten 
feet  long.  Ueas>ui<emeut  of  a  ^iven  leii^b  can  hImj  be  thus  efFected  :  if  then' 
b«  an  odd  number  of  fetrt  and  iiichru,  tln-y  am  W  nLi'fL>un-d  by  a  set  of 
■mailer  rtj<In,  or  by  an  urdirmry  tape  measiin-. 

In  meiisurinK  or  st-ltinK-olT  in  this  way,  it  is  plain  tliat  we  depend  upon 
the  svnsc  vf  touch  for  the  perception  of  the  contacts  set  up  betux-cn  the 
endii  of  the  rods.  The  sense  of  touch  is  found  to  give  more  satisfactory 
Teaolta  in  many  ways  than  the  hkxik  of  eight  ;  for  if  one  object  be  intended 
to  fit  into  fiJiutbcT,  luid  have  a  dioincttr  -j^ppj  inch  lua  than  whnt  U  exactly 
neceunTy,  it«  lit  will  be  perfectly  loose.  The  eye  could  not  perceive  thin 
directly  without  the  intervention  of  lenses. 

The  Callipers  uscii  hy  carpenters  can  be  opened  out  so  as  exactly  to  fit 
into  ft  eflviiy,  or  exactly  to  gnmp  an  nbject.  Thi^y  an-  usnidly  made  so  that 
till!  one  end  wrvi-.i  for  iri>iLiie,  the  olbi'i"  for  ouljide-  riii-iiiiin-mriit.  They  are 
QjH-rnl  inc<»mpiiriti(,' tbiMlinicnmonsof  iibjpi:ts  wliirh  iihoulrl  bt-of  the  Mune  sisti*; 
htit  it  if  difllcult  to  tnkc  very  accui-ate  tncjuutvnients  olT  a  scale  uitb  thcHL 

Gauges  are  made  of  known  sizes,  and  the  site  of  the  object  to  be 
measured  is  compared  with  that  of  the  gauge  by  trying  the  fit.  If  the  gauge 
be  made  conical,  then  from  tlie  eil«ut  to  which  it  pcQeti-ates  a  given  aper- 
ture ciui  the  width  of  that  a|ierturo  bo  detcmiincd. 

•  A  wrew  rut  out  of  a  eottd  mowt,  throui^h  which  anothdr  m-rcw,  tlin  "  male " 
puaes.  In  tbo  otdlnBTy  nnt  and  ha\i,  the  bolt  bears  the  mole  screw,  the  nut  the 
female. 
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Th«  Splivroinctcr  coiuisU  of  a  disc  ot  niettd  with  gradiutod  elrauu- 
aee.  Thin  in  tup[iorU'<i  ■on  tUrw!  eqiuil  legs,  wliicb  are  furuislied  wilii 
et^cl  puiiits,  cquidisUnt,  uuil  rounded  off  bu  a^i  iiul  Lo  picKG  any  (»1ij(.M:t 
on  wltich  the  inBtruiuciit  is  net.  In  Uie  uxifl  of  it  i»  h  screw,  Uie  nU'el 
puiat  of  which  in  ulso  rounded,  and  fariiiH  n  fonrth  font.  Any  int^trumi-nt 
hieh  •tandii  on  ihnf  U)t-t  in  rt-i-tain  to  be  ft1«iidy,  Kciuiitc  throo  pointtt  are 
ways  in  Honic  onu  pUiic:  one  whtcli  atiLtids  on  four  feet  wilt  only  h«  at«ady 
if  the  point  of  thf  fourth  foot  is  exactly  in  Iho  aame  ]>1ane  as  ihe  other  thrci-. 
If  it  be  above  thia  plane  the  inatriiment  does  not  rent  uu  it  at  all  ;  if  it  be 
below  thia  jiLine  the  iiitlruiiicnt  uui  nvvvr  xttuid  on  ninn^  tliuii  tliret!  fttet  «t 
a  tiinv,  ftiid  tiiiiy  he  nxked  fniiii  oiiw  net  of  llircH?  to  another.  If  tli«  iii)3htw- 
mvter  be  mt  iipuii  a  pit^ci;  uf  tlLuM,  it  will  stand  Hti-adily  ;  if  the  cvnlrtil  »crvw 
tumod  90  a«  to  hrinK  dovra  the  fourth  foot,  this  instrument  will  be  easily 
ed  if  it  be  hiuuKht  down  too  far.  The  hand  in  perceiving  and  the  ear 
in  hearing;  this  rocking,  just  at  its  eommcncenient,  concur  in  det«ctin^  vei-y 
»in\M  niUiim^  of  the  »crcw  jiut  nt  that  part  of  ite  luovemL-nt.  By  ineatii  of 
a  pointer  &ttiu:h(;d  to  the  Lead  of  the  screw  the  exact  position  of  the  bltcw 
which  corrcfipondfl  to  the  commencement  of  i-ocking  can  be  obaervcd  on  the 
gradnated  scale.  Suppoitc  the  thicknean  of  a  piece  of  microscopic  cover  ;;lam 
ia  to  be  determined.  It  i»  ]>lact-d  under  the  rrmrth  fixit.  Thit>  central  fcM 
of  the  •^jhemnniter  in  bn.u^lit  thivrn  n|Mm  it  wntil  the  whole  rocks  ;  the 
central  *crvw  in  then  ruiMd  until  the  rorkinK  cuMe« ;  it  in  turned  back  AKain 
till  it  jiut  commences,  and,  as  before,  the  position  of  the  screw  correspfindini; 
to  the  commencement  of  rocking  can  be  observed  by  means  of  the  pfiinter 
ttnd  the  };nuliiat«d  scale.  If  the  pointvr  bad  xtood  at  75°  when  the  instm- 
meat  stood  on  the  plain  gla.s.H,  nnd  itt  3°  when  the  t:t:utml  point  wn«  t>u  the 
piece  of  thin  ttlnt*,  the  difference  of  position  of  the  pointer  coresponds  to  **", 
or  jVffi  "^  ^l"^  circiinifeMiLB  ;  and  if  the  screw  itself  have  twenty  tuma  to 
the  inch,  the  thicknp.<u  of  the  gla-w  ia  ^^  x  ^'^^yj^  incli. 

The  curvature  of  a  lens 
may  be  detenu  in  cil  by  tlm  *'  ' 

innlninient,  for  if  the  IciU 
AUD  he  placed  under  n 
sphcromcter,  Pig.  4  ahoww 
that  the  amount  of  curva- 
ture dejietidsniiun  Uie  Uii^tii 
of  the  line  OE,  and  il  ii! 
known  that  ihu  radius  R,  of 
the  sphere  of  which  the  lens 
may  be  cnn-'idercd  a  part, 
ifl  related  to  the  line  DE 
(reprc*entcd  by  a),  and  thw  ^ 

distance  /  between  the  cquidietflnt  tripod  feet,  by  the  fommla 

a' 
SR  =  ^  +  f. 

In  Whitworth'a  Measuring  Engine  a  bar  representing  the  unit  of 
length  i»  placed  bi^tween  two  jaw.'*,  which  are  made  to  move  towardn  one 
nnothfr  so  al^  vrilbont  prcMun*,  just  to  i^Taxp  it:  tbi.^y  an^  tht-n  separated 
from  one  another,  und  the  itandord  unit  removed  :  tlie  Ivnr  to  be  measured 
is  pWeil  instead  of  it,  ami  the  jnwa  are  aji^in  bruiif^ht  together  to  a.h  to  grni([> 
it  in  the  same  way.  The  jaws  are  brought  together  by  fine  screw  adjustments, 
aacb  M»  thuKe  prerionaly  described,  so  that  the  difference  of  the  niilliontb  part 
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of  ati  inch  in  two  "ban  of  metal  can  he  i1«l«cte>I.  The  pt«d»e  poaitian  at 
which  the  jaws  t;rasp  object*  williout  preMUiv  U  tlcteriiitiw:il  l-y  n  pliHie  piMe 
of  [U«t4il,  which  is  inclaiieil  along  with  them  betwpciii  tli«  jaw*,  witli  iU  oilgi* 
in  a  vurlifftl  phiiie.  If  the  Rrui|>  be  too  loose,  this  pitti*  of  iiivtaL  cmn  he 
uiovcJ  fivdy,  and  will  full  bank  wlioii  lilleJ  and  let  go  ;  if  the  ^'rtiap  be  too 
ti^ht,  this  mulal  pliLiiL-  catmol  bu  luovi-ti  ;  if  it  be  exact,  llie  UK-tiil  plane  can 
Iw  Tdified,  and  will  roniain  in  any  position  in  which  it  Miuv  be  placed. 

Another  phui  by  whi<:h 
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nn  alteration  in  ihu  length 
of  a  liar  may  be  iltitumiim-d 
ia  the  OjiticnL  Tbo  end 
A  of  a  bar  AB  resta  ugainst 
k  strong  fmnicwork  at  B, 
•0  thut  any  ftltomtion  in  it* 
lenpth  may  only  affect  tht.- 
|)ositioii  of  the  puint  A.  At 
A  the  l>ar  >r  in  cimtact  with, 
a  lnvvr  01>,  jnintwJ  at  K, 
and  iKitrini^  a  minor  at  1>. 
A  lamp  at  X  uuts  a  my  of 
light  on  the  mirror ;  thie  ia 
reflected  to  a  Ecreen  SS'. 
If  BA  niter  in  IcciKth^  or  if 
ftnothcT  itnr  of  iili;;ht1y  dif- 
frn^nt  longlh  Iw  miljttlLtute'i 
for  it,  the  bnr  CD  aanimes  another  poaltion,  nnd  the  apot  of  li'^ht  on  the 
ncnten  SS'  is  deflected.  From  the  umouat  of  de[]<!clir>n  may  liu  calculated 
the  ulU;rution  iu  le]if{th  of  the  bar  liA. 

Good  linear  measurement,  in  wliatever  way  efTucted,  ought  to 
present  an  error  less  tlian  T-(ji^ny  %•  **^  oiie-niinmiitli  oi'  the  whole. 

Measitrement  of  Surface. — If  a  surfuue  Im  bounded  by  straight 
lines  at  hight  augies  to  one  another,  the  parallelogram  may  be 
measured  by  the  pruducL  of  two  adjucutit  sides:  if  it  bo  of  any 


ABCpj 


Piff.a. 


other  form  bounded  by 
straight  lines,  it  can  be 
broken  up  into  triangles, 
and  its  area  be  found 
by  the  niles  of  trigono- 
metry :  if  its  boundary 
be  a  regular  curve,  it« 
area  can  generally  be 
found:  but  if  the  sur- 
face be  bounded  by  an 
iiTtiguIar  curve.  Lho  de- 
termination of  the  area  involves  the  following  principle. 

Let   the  figure   VXO   bo   bounded   by    the  two   rectangular 
atraight  lines  OY  and  OX,  and   the  curve  ABCDX.      i'ind  its 


O    a  be  J  • 


111.] 


MEASURBMKXT  OF  SURFACK. 


27 


Tig.i. 


area.  Draw  a  series  of  lines  parallel  to  OY ;  these  will  cut  the 
curve  in  the  points  A,  B,  C.  D,  E,  and  so  foiili.  Then  the  area 
YXO  ia  divided  iuto  a  number  of  narrow  parallelojframB,  OYAa. 
AahB,  libcC,  etc.  liach  of  these  is  equal  to  the  product  OY  X  Oa, 
«A  X  ab,  etc. :  these  heiug  all  found  and  added  together  give  the 
area  of  ttic  surface. 

If  now  the  surface  he  oomplctely  hounded  by  an  irregular 
cun-e,  &8  in  Fig.  7,  the  .v 

ABCDKA  ia  first 
found  hy  the  above 
method,  tlien  the  area 
AACDKA.  Tlie  differ- 
ence between  these  re- 
presents the  area  of  the 
curved  surface  ABCt. 
This  method  is  very  difll- 
cult  in  actual  practice, 
but  all  tlie  tnatbeiuatical 
methods  of  integration 
are  based  upon  this  priu- 
ciplc.  For  actual  work 
a   convei)ie[it    means   of 

^measurement  of  surface,  which  gives  very  fair  results  and  which 
is  specially  useful  in  tlia?e  ctiaes  in  which  mechanical  contrivance.i 
have  registered  their  own  performances  on  paper,  is  the  follow- 
ing:— 

The  paper  nn  which  the  curve  is  drawn  is  laid  on  a  flat  board, 
and  the  outline  of  the  surface  very  carefully  ti-nced  by  a  sharp- 
pointed  penknife,  so  as  to  cut  out  the  part  uf  the  paper  bounded 
by  that  outline  :  tliis  is  then  weighed  and  its  weight  compared 
with  that  of  a  standai-d  area,  say  a  square  inch  of  the  sanie  paper. 
This  method  is  not  unexceptionable,  but  it  often  gives  a  very  useful 
approximation  to  the  value  i-equired. 

Au  instrument  called  a  ]jliuiimeter  is  also  used  for  this 
purpose. 

Measurement  of  Volume. — ^The  vohune  of  a  substance  may 
often  hti  found  by  uikulatiua  from  its  form  if  that  be  a  known 
geometrical  ligure  ;  but  the  volume  of  a  mLiaa  of  irregular  iigure 
18  best  ascertained  by  the  rough  method  of  immersing  it  in  water 
or  any  liquid  which  will  not  affect  it,  and  by  obsen'ing  how 
much  more  bulk  the  whole  now  occupies  than  the  water  alone 
had  done. 
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If,  for  JnataBce,  a  peec  of  mcul  Ih>  |iltu-«il  with  tliree.  fluid  ounces  of 
wiiter  ill  A  iiKUUture,  and  if  the  wholi^  iiii'a»iiri-  cxHClly  futir  t\wtl  utinceH,  Utii 
piftce  iif  luetiU  nm.*t  ii(c:ii]iy  i-mclly  Ow  siuit^  linllt  iw  ont  Hiijil  omiicl'  or  ^ 
g&lton  of  wiittr  ;  Ihnl  »,  ginec  a  |{aUoD  of  water  occupie*  277"274  cubic 

incbcA,  — — —  or  3*466  cnbic  inchta ;  aad  bo  fur  fractiomJ  |«irt»  nf  the 
units  of  liquid  mcMiirL*. 

Measurement  of  Time. — It  is  uot  jjuBsiblo  or  uccussaiy  to 
do  iiioru  in  treating  of  tliiti  than  to  suggeS't  oiie  or  two  leading 
principlts.  A  siuiplo  water-dropper,  consisting  of  a  vessel  of 
water  in  tbe  bottom  of  which  there  is  a  minute  hole,  through 
which  the  water  falls,  drop  after  drop,  into  a  dish,  was  used 
anciently  under  the  name  of  the  Clepsy<lra.  The  wat^r  which 
fell  through  was  kept  in  the  lower  vessel :  tlie  amount  there,  ac- 
cumulated, or  eqimlly  the  loss  of  level  in  the  upper  vessel,  indi- 
cated approvimaiely  the  lapse  of  time.  It  was  found,  however. 
that  the  How  of  water  from  a  vessel  of  this  deflcription  was  tar 
from  uniform.  The  use  of  Wheelwork  set  in  motion  by  some 
constantly  acting  force  was  a  fruitful  suggestion :  setting  the 
wheels  to  indicate  tlie  amount  of  their  own  rotation  by  means  of 
poiutei-3  cotmected  with  their  axles  wat^  a  plan  early  adopted ; 
the  train  of  wlieelwork  was  SL-t  in  motion  by  a  fallin*;  weight : 
but  these  wanted  some  regulaLing  contrivance  by  which  the 
motion  might  be  rendered  uniform.  A  heavy  flywheel  was 
adapted  to  the  mechanism,  but  without  tlie  desired  resolt  being 
fully  attained ;  and  it  was  only  aftt^r  Galileo's  observation  of  the 
fact  that  the  Pendidnm  nsoillates  from  side  to  aide  in  almost 
exactly  equal  ]ieriods  of  time,  wbftlier  its  arc  of  oaciltalioii  be 
great  or  small,  that  it  was  suggej^ied  that  tliis  projwrly  of  tJic 
pendulum  might  be  rendered  available  for  re-giilating  clockwork. 
This  was  eftected  by  Huyghcns;  and  the  action  of  all  pendulum 
i;lock8.  however  various  the  trains  of  wheelwork,  depends  on  their 
regulation  by  an  iaochronously — i.e.,m  equal  times — oscillating 
pendulum.  The  simplest  modo  in  which  this  regulation  juay  be 
ellected  is  the  following ;— One  of  the  wheels  of  tlie  train  of 
mechanism  bears  on  its  circumference  an  appropriate  number  of 
teeth.  The  descent  of  the  weight  would,  if  there  were  no 
pendulum  attached,  cause  the  mechanism  to  run  on  continuously 
until  the  weight  had  run  down  to  its  lowest  possible  point ;  but  at 
uvery  stroke  of  the  iwndnltini  one  of  tlie  teeth  of  tlie  wheel  is 
caught  and  the  I'urtlier  progress  of  the  wheelwork  arrested. 

The  isochronism  of  the  oscillations  of  the  pendulum  is  not 
sustained ;  variations  in  the  external  cemperature  cause  changes 
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iu  the  [engtii  of  tlie  |>eiiduluiii,  stud  lieiico  in  ils  rate  uf  motion. 
Tbe  contrivances  Ijy  which  comijensation  is  made  for  this  cau.sc  of 
error,  so  that  ilie  rate  of  oscillation  ia  maintained  i)ractically 
nnilbrm,  will  he  explained  under  Heat. 

The  measuTcnicnt  of  small  intervals  of  time  is  of  great  im- 
|)ortance.  A  tuning-fork,  if  a  writing- point  be  attached  to  it, 
will,  -when  vibrating,  describe  wavj'  lines  on  a  piece  of  smoked 
^1a«s  or  paper  drawn  under  the  writing- point.  If  the  tuuiug- 
fork  Wbrate  400  times  per  second,  the  time  taken  to  draw 
each,  wave  on  the  paper  must  be  the  four-hundredth  part  of 
a  second ;  and  if  any  other  pheuonieucu  be  so  produced  and 
arranged  iw  tu  record  its  own  puifuii nance  by  a  line  on  the  paper 
or  the  glass,  ]mndlel  to  the  wavy  line  uf  the  tuning-fork,  its 
duration  may  be  estimated  by  counting  the  number  of  recorded 
vibrations  of  the  tuuiu-j-fcrk  t^i  which  that  duration  eorroaponds. 

Measarement  of  Mass. — Masses  are  comiinrcd  with  one 
jthor  by  means  of  the  lialance.      The  accnrato  and  cirpcdittous 

of  ft  delicato  balancii  involvca  attention  to  certain  practical 
rules,  which  will    be  found  set    forth   in    Kohlrauach's  PhysUxd. 

MeasTirement  of  Force. — There  are  four  main  methods  of 
nieaaiiriug  auy  force.     Tliese  may  be  stated  as — 

1.  Direct  Observation  of  Mass  ond  Acceleration. 

2.  Direct  Counterpoising. 

3.  Indirect  Counterpoising. 

4.  The  Method  of  Oscillations. 

Tlie  first,  the  metluid  of  direct  observation  of  the  mass  moved 
and  the  acceleration  imijartyd  to  it  by  the  force  to  be  measured, 
ia  baseil  on  tlie  eijuation  F  =  ma ;  and  if  m  the  mass  and  a  the 
acceleration  be  known,  F,  the  Force  acting,  can  easily  l)e  found. 
This  method  iirc.'ients,  however,  serious  practical  difficulties  in  the 
Cobseri'Btion  of  the  acceleration  produced. 

One  important  problem  to  ht  solved  by  thta  method  is  tli«  detenninatioii 
of  tbe  force  valh  which  gravity  acta  npon  a  unit  raaa*  of  imillor  al  any  place. 
The  efjaation  F  =  ma  shown  tliat  if  wo  use  ii  unit  iiuut.,  P  =  a,  itml  wc  need 
only  find  the  acccleratiuii  prml in-cd.  Thia  i*  eflV-cted  ixnif^liiy  by  Altwoocl's 
Slachinc.  In  this  llin  weight  of  ono  (^raiiitne  ii  used  a«  the  force  which 
wt*  Ik  Urgrr  msnti*  in  mntiuii.  If  it  set  only  its  owu  maea  in  niotiuii,  n 
Velocity  is  ncquin'd  bo  ^reat  as  not  to  be  eatiily  observed  :  if  thia  limited 
focM  set  a  larger  mow  iu  motioa,  the  speed  mic^uired  ia  Ie«,  varying  iiivcimIt 

u  ibe  maM,  for  a  =  — •  If  &  gramme  'm  falliug  set  a  mass  uf  1 00  Kminaivs 
^lading    itti  own  «uh8l4nce)   in   jnotioa,  it    can  only  acquin-   a  vt-locity 
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oiie-litn](In;(JtU   that  whicli  it  would   Imve  iicquintl  if  it  had  fallen  nione. 
The  esttntiul  p:krL  of  AtLwontl'n  ntachint;  codbisU  of  a  wlici^l  over  which  two 

maBet  are  auepeiide<l.  In  them; 
mimee  be  49j  and  SO)  grammes. 
Tilt:  totui  niaiw  wt  in  tiotion  in 
100  }^iiinini.'S,  and  tbfi  foite  acting 
it  the  exce^b  in  weight  uf  the 
heavier  mass  ovtr  ttie  li^liLcr — 
that  in,  &n^  -  49j  =  tite  wfj^ht 
of  iffie  gniTiiiiif.  L<-t  ihiii  (;rni»uie 
not  b«  &  fixL-il  piirl  <\[  thu  lieavier 
maw,  hut  merely  u  piece  of  wire 
nhich  call  he  removed  by  making 
the  Weighted  luas^  fall  tlirou^h  a 
metid  ring.  A  f>endu]iuii  ivlrich 
,  I .    hvaU   fKci)i]d»   ruguhttvit  a   tinic- 

^^M//^'  1  C'*^'^'';  attac!iL-d  to  the  whcelwork 

"'^"^  "'''  I  of  tlie  titweptece  ia  no  "  excentric," 

"''  which  wiitkii  a  kver;  tliia  lever, 
at  a  ]ire-ttrranj^l  iiiManl,  piiahen 
or  imll*  iiwwy  sx  little  pinto  n-hirh 
supports  thfi  hrnvivr  D)a«B  ;  this 
mass  lind»  ilwH'  suddenly  expowd 
to  the  action  of  gravity ;  the 
weight  of  the  little  gmiuuLC-Iuad 
iiupai-ta  to  the  whulu  moss  u 
certftin  vetifcity  ;  the  rin^'  ih  pliiwd  at  such  u  [iuHiLi(*ii  ud  tu  calxh  the 
wire  exactly  at  the  Kiid  of  mie  pecond,  this  bcin;*  indicated  by  the  nouiid 
of  the  timepiece  and  ppndiiliini  coinciding;  with  the  click  nf  the  wire  npon 
the  ring  wiiich  eairiics  it  m  it  fall*.  TLcrwifler  there  is  no  fore*  •ctin^, 
and  the  nin*a  of  119  grammej  continues  to  tuoto  uniformly  according  to 
the  first  law  of  motion.  lU  §peed  can  be  observed  by  comparing  the 
distance  it  travels  with  tJie  tidciiig  of  the  timepiece.  This  is  done  by 
placing  u  little  plule  tu  receive  lh>*  falling  body.  A  slight  wnind  will  be 
itiiutc!  by  the  Tuning  licidy  tuucliing  thi»  phit<?.  If  \\\\*  siitiiid  and  that  of  the 
jieudaliim  (^»ini;)di;  the  pIuLe  is  in  the  right  poitiU<iii  ;  if  nut,  that  poviliun 
must  be  found  by  a  pnxx-se  of  trial  and  error.  It  in  found  ihiil  jf  a  pair 
nf  niawt'H  of  40^  ^.Tammee  each  he  BUepeoded  over  the  pulley,  aiid  one  of 
thoiii  bij  loaded  with  one  gmmnie  »a  tlint  the  whtde  niasa  to  he  moved  weigh* 
100  gmniinea;  if  tht!  overweight  be  taken  off  at  the  end  of  one  ceiimd  by  a 
rii^;  if  llic  liahiiiced  niasws  be  allowed  to  move  onward  with  their  then 
ncc|nired  velocity  fur  one  Bccond;  if  a  plate  be  to  adjuitted  nndcr  the  ring  04 
to  check  this  motion  precifiely  at  the  end  of  a  second  — it  ia  found  that 
that  plate  must  be  9-81  centimetrea  below  the  ring.  This  shows  that  the 
force  acting  (the  weight  of  one  gramme),  acting  fur  one  second,  is  able  to 
iuiiHttt  tu  a  niiisst  of  IOt>  gramute*  a  velocity  of  i>'81  ct'iitiint'tnrs  [ler  second. 
Hence  by  the  equation  F  =  ma,  F,  the  weight  of  one  grainnie,  is  equal  to 
lUtl  gtumnies  x  iJ'Sl  centimetres  =  B81  dynes.  This  method  can  give  no 
more  than  an  approximation  to  the  value  required. 

Much  greater  accuracy  in  attained  by  the  use  of  the  Pendulum,  The 
time  of  tiacillation  of  a  pendulum.  a»  we  ftball  afterwanis  leant,  viirioii  iu- 
VBnuly  u  the  B^uarc  root  of  the  force  of  gravity  at  the  place  where  the 
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obtervation  is  Iu■tl(^  The  Umu  ur  the  u^cilktiun  or  any  pendaluni  can  Iw 
very  KcciiniWlj-  kuowu  Iry  observing  ibu  time  taken  to  perform  a  certam 
salScicnlly  laxvn  numbvr  of  oRcilklians,  unil  dividing  tliat  tiiD«  by  tbe  whole 
number  uf  usdllalioiiR.  Prum  tbia  obmcrvatiion  can  be  deduced  tbc  locjJ 
accelemiiou  uf  ^^vity. 

Measurement  of  Force  by  Direct  Counterpoising. — In  on 
ordinary  balance  whose  anna  arc  perfectly  equal,  the  force  with 
which  gravity  acts  on  the  mass  in  one  pan  is  equal  to  that  with 
which  it  acts  on  the  mass  in  the  other.  For  one  of  tliese  we 
may  suljAtitutc  another  force  of  any  kind  but  of  equal  amount. 
Tf,  for  iii-slance,  we  use  a  balance  with  glass  pans,  we  may  lay  one 
of  the  glass  pana  on  the  surfjice  of  mercury  and  determine  what 
mass  must  he  put  iu  the  other  pan  to  pull  the  £rat  from  the 
mercury.  Let  this  be  47  grammes,  and  the  ai'ua  of  LhG  gloss  pan 
25  square  centimetres,  Then  a  forw;  etjual  to  the  weight  of  47 
grammes  is  necessary  to  pull  25  square  centimetres  of  the  sur- 
face of  ghiss  away  from  mercury  —  that  is,  1'88  gramme  per 
square  ceittimeire ;  and  the  force  of  adhesion  between  mercury 
and  gloss  is  for  every  square  centimetre  equal  to  the  weight  of 
1-88  grammes  — that  is,  a  force  of  1-88  x  981  =  1844-28 
dynes. 

A  soap  film  tends  to  contract  If  we  find  how  much  weight 
must  be  suspended  on  a  soap  film  to  prevent  it  from  contracting, 
the  force  of  contraction  will  be  equal  to  the  weight  of  tlie  mass 
which  it  suppoite,  and  that  force  can  heuce  be  measured  in 

»l)Bolutu   IMlilS. 

Measorement  of  Force  by  Indirect  Counterpoising. — Let 
us  suppose  tliut  we  have  accesu  to  a  standard  imit  of  mass.  This 
is  hung  upon  a  spiral  or  spring  of  Bteel  wire.  It  is  observed  to 
lengthen  the  spring  by  a  certain  measured  amount.  If  another 
mnsB  be  hung  upon  the  same  spiral,  and  if  the  lengthening  pro- 
duced be  the  same,  the  inference  is  that  the  action  of  gravity 
upon  the  second  mass  is  equal  to  that  on  the  first,  and  hence,  if 
the  two  observations  be  niarlo  at  the  same  plac*,  that  the  second 
mass  is  itself  equal  in  ("quantity  to  the  first  This  is  the  princij'le 
of  the  Spring  Balance,  Different  known  weights  may  be  sus- 
pended on  such  a  spiral,  and  the  elongations  produced  may  be 
recorded  on  a  scnle  attached  to  tlie  instrument.  If  a  mass  of 
uaknowu  amount  be  attached  to  tlio  spiral,  its  weight  may  be 
found  by  reading  on  the  scale  the  number  of  standard  pounds 
and  ounces,  etc.,  requisite  to  produce  the  stuue  distortian  as  the 
imknown  mass  causes  when  bung  upon  the  spring. 
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Tlie  instruincnt  ksowu  in  one  fonii  as  a  spring  l?alancQ  is 
kuown  ill  another  as  a  Dyiianioinetcr.  The  form  of  the  steel 
ftjinniL;  iiseii  ifl  (jiiity  iiulcpeiidwit  uf  the  priin.-i]jlB  involved,  uliich 
is  that  if  twu  forces  pimlucu  ct|ual  dislurtiuus  iii  u  body,  these 
foreea  must  hf  equal  to  one  another.  If  a  man  can  pull  a  spring 
ont  two  inches,  and  if  200  lbs.  must  be  hiing  on  the  spring  to  pro- 
duce the  same  dL-itortion,  the  man's  pull  is  ecjiinl  to  the  weight 
of  200  lbs.;  similarly  the  force  required  to  pull  the  spring  out 
two  inclios  is  equal  to  that  which  must  be  exerted  to  raise  a 
weight  of  200  Ihs. ;  and  these  can  Vie  translated,  when  we  know 
the  local  acceleration  of  gravity,  into  forces  measured  in  absolute 
units.  If  he  can  give  it  a  blow  which  will  compress  it  for  a 
moment  to  the  same  extent  as  a  weight  of  140  kilogrammes 
pkeed  on  it  would  do,  the  force  of  his  blow  is  equal  to  the 
weiylit  of  140  kilogrammes  —  that  is,  140,00(1  x  9Hl  = 
137,^40,000  ilynee.  If  be  ean,  by  closing  his  hand  firmly, 
distort  a  spring  to  n  certain  extent,  it  am  easily  be  Hscertaiued 
what  atnouut  of  weiglit  acting  on  the  spring  is  capable  of  pro- 
ducing tlie  Bame  distortion.  This  is  usually  done  beforehand, 
and  the  instrument  is  provided  witli  a  graduated  scale  which 
indicates  what  iimounta  of  weight — at  the  place  where  the  in- 
strument is  made,  be  it  remenibeved — correspond  to  the  various 
reading*  of  the  pointer.  Wbeu  bis  flexor  muscles  contract  so  as 
to  furco  the  [winter  of  the  dynamometer  to  indicate  84  kilo- 
grammes, the  distortion  produced  by  them  is  equal  to  that  pro- 
duced by  tiie  weight  of  94  kilos  at  Paris  if  the  iiiBtrunient  bos 
been  nuide  thei-e — that  is,  since  W  =  my,  84,000  grammes  x 
981  cm.  =  82,404,000  dynes. 

Illustrations  of  this  priuciple  abound.  The  attraction  of 
magnetism  may  be  measured  in  a  similar  way.  Ixt  a  magnet 
attract  a  piece  of  iron,  which  ta  attached  to  a  spiral,  to  such  on 
extent  that  the  spiral  is  lengthened,  say  une  ineh.  when  the 
magnet  is  at  a  distance  of  a  tenth  of  an  inch  from  the  iron.  It 
is  found  that,  say,  2  lbs.  3  oz.  must  be  hung  on  that  spiral  to 
produce  the  same  distortion  ;  the  magnetic  attraction  is  equal  to 
the  local  weiglit  of  a  mass  of  2  lbs.  3  oz.  This  is  an  undesirable 
method  from  the  practical  [ioint  of  view,  but  it  shows  how 
magnetic  and  other  attracting  forces  can  be  compared  with  forces 
whose  absolute  amounts  we  know. 

If  an  electro nia^^net  can  hold  ten  pounds  of  iron,  but  cannot 
support  ten  pounds  and  a  gmin,  the  force  of  attraction  is  equal 
to  the  weight  of  ten  pounds  ;  for  iu.stead  of  the  magnetic  attrac- 
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tion,  wc  might  have  used,  in  order  to  prevent  the  ton-pound -maas 
of  iron  fmtn  fiillinfi,  anntlier  ten-ponnd-maas  connected  with  it  by 
a  cord  passed  over  a  pulley. 

If  we  take  a  bar  of  metal,  suspend  it  on  centres  at  each 
end,  fix  it  firmly  at  oue  eud  so  as  to  prevent  that  end  from 
rotatin*;,  and  hang  a  Icuowu  weight  over  tlie  side  of  that  end 
which  is  fr^e  to  rotate,  wc  find  that  the  bar  i»  twisted ;  this  efiect 
is  metuiurable.  Whatever  other  f«rc«  will  produce  the  samo 
effect  iitu»t  I11:  equal  to  the  known  weight  which  caused  it.  It' 
the  Liody  to  be  twisted  bo  a  glass  or  silk  fibre,  the  amount  of 
force  n.M[uired  to  twist  it  is  small.  To  twist  such  a  fibro  through 
a  certain  number  of  degrees,  a  certain  fractional  number  of 
grsmmcs'  weight  must  be  applied  at  unit-distance  from  the  centra 
If  an  electric  attraction  be  applied  to  a  body  suspended  by  such 
a  silk  fibre,  the  suspended  Itody  is  attracted,  the  auapendiug  fibre 
may  be  twiste<l ;  to  produce  the  observed  torsion  or  twist,  a  certain 
number  ofgramm&V  weight  must  be  applied  ;  the  elcetrie  attrac- 
tion can  be  stated  to  he  equal  to  the  weight  of  so  many  grammw. 
and  therefore  to  so  many  absolute  units  of  force. 

The  fourth  method  is  that  of  oscillations.  Tf  a  magnet  be 
brought  nwir  another  magnet  it  oaciDiitcs  from  side  to  side.  If 
it  he  brought  near  a  stronger  magnet  it  oscillates  more  fre- 
quently. It  can  be  proveil  that  the  velocities  produced  vary  as 
the  Bc^uure  root  of  the  forces  causing  the  oscillations.  Hence  wo 
count  tlie  number  of  oaciliationa  in  a  given  period  in  two  cases, 
and  the  ratio  of  their  square-s  is  the  ratio  of  the  two  forces. 
If,  for  instance,  a  nm^^tiGtic  needle  oscillate  fifteen  times  a  minute 
in  the  prfts^tnce  of  a  magnet  A,  and  sixty  times  in  the  presenoo 
of  a  magnet  B  ;  the  forces  acting  in  the  two  cases  arc  aa  the 
square  of  LI  is  to  the  square  of  60,  or  as  1  to  IG.  In  this  way 
we  are  able  to  compai-e  the  forces  acting  imder  the  given  condi- 
tions, but  we  do  not  learn  the  absolute  amount  of  either.  That 
must  bo  ascertained  by  one  of  the  other  methods  previously 
discu&sed. 


CHAPTER  IV. 


WORK  AND  ENEBOY. 


Work. — When  a  force  "  acts  upou "  a  body,  and  tliat  body 
moves  in  the  direction  of  the  forco,  that  force  is  said  to  Do 
Work,  and  the  work  aaid  to  be  doue  irif  it  is  ni&asurud  by  the 
product  of  F,  the  furco  acting,  ii]to  s,  tlie  8|iace  tbrouf^h  whidi  the 
body  bas  luuvml — 

Work  =  Fa  ^  mas. 

For  example  :  Siram  i'lerU  on  Ilie  |»if  Um  of  »  rylinder  n  fnnw  or  prenuT* 
of,  «ty,  30  \hn.  |)iT  sijiiarc  inch  ;  llic  iin'n  of  Ihc  [linLfin  i»,  wiy,  341  Kjnare 
inchw  ;  tin*  wliwlc  pn-wmrp  cxcrtwl  i»  Ihiiit  vqiinl  to  the  wviKl't  of  9t>C»  llw. 
The  piston  i«  thrurt  through,  say,  10  incbev.  The  work  done  is  900  Iba.  x 
1}  ft  >■  ISOO  foot-poundii  at  *mch  iitroke. 

Similarly,  when  one  force  is  resisted  by  another,  which  acta 
through  a  certain  apace,  iii  a  direction  oppogod  to  that  of  the 
force  n^sisted,  tlic  product  of  the  force  ri?aisted  into  tlie  space 
traveiseJ  rpprescnta  the  work  said  to  bo  done  against  the  force 
reaisteii 

When  a  ten-ponnd  tnaas  in  rnisprl  ten  feet  agninint  gravity,  th«  wtvrk  donf 
againit  pravily  ie  f^jnal  ta  the  pri-»iuct  of  the  space  Irftvemcti  intft  the  fore* 
resisted — ie.,  in  ft,  x  wt  of  I'l  Iba.  =  1(K)  f>Hit-pnitnd«.  In  tbis  case 
Work  =  Fn  M  usuilI  ;  Iml  F,  tlie  f.^rcc  rvslBted,  is  the  wei({ht  of  a  muss  m,  &ii<i 
therefore  F  =  wg  :  eoDBi-qyenlly  the  work  done  F«  =  mgt. 

If  ¥s  =  I,  we  have  the  Xlnit  of  Work.  This  is  the  cose 
when  F  =  1  and  s  =  1  ;  that  is,  a  unit  of  work  is  done  when  a 
body  acted  on  by  tioit  force  moves  through  a  unit  distance.  In 
centi^rrarame-sccond -gramme  measures  the  unit  of  work  is  done 
by  miaiiijj  g^  gramme  (mass  whose  weight  at  Paris  =  1  Dyne) 
to  the  heij^ht  of  one  centimetre.  Tliis  is  the  Urg.  The  ei;g  is, 
however,  a  very  small  unit  of  work,  and  for  many  purposes  it  is 
convenient  to  use  the  Mej^alerg,  whicli  is  e^inal  Ui  1,000,000 
Ergs,  and  wuuld  therefore  bo  tlie  amount  of  work  dune  in  raising 
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'       ^10'19  grammes  through  one  metre;  or  the  Ergteti,  10" 

or  10.000,000,000  Ergs;  or  the  Watt,  10^  or  10,000.000  Ergs. 

In  Briiisi]  tneaBurca  32'S  unile  of  work  arc  flnnc  in  raising  ii  pound-mase 
through  one  Toot.  Such  niiitA  of  wnrk  nrc  called  ftHitrpnuiitlalo.  Britiefa 
f-ngiiief-re  are  in  tJie  habil  of  using  tlie  font-poitwl  (Ihe  work  npi-nt  in  raiaing 
nne  p»nnil  mie  font)  an  a  unit  of  work.  ThiH  wonl.l  be  iuiti)il'ai;1i>ry  if  foot- 
pouDiU  Vftre  wjiial  over  the  whok-  i-HTth,  but  g,  lli«  acicWmtiu};  force  of 
(^vitf,  vurics.  Ilcnu;  the  foot-pouitd  la  from  pWc  to  pluoc  a  \'ariablc 
measun-,  and  ban  t<i  be  reducwl  for  uach  place  to  abaolute  nnita  of  wi.rk  by 
the  ei)iiatii>ii — Work  =  Ft  =  Weijjht  x  «  =  Myi,  and  the  fuot-puiind  ia  equal 
til  g  fuut-|>uiitidiLla.  The  fixit - ))<juiid  ia  t^qual  tu  ]3,^Qi,69I  Krjfa.  The 
kil<igruniiiii-t[i>-tif,  or  French  «fngLne«rH'  unit  uf  work,  is  lUOO  grmM.  X  100 
aa.  X  tf  '■-  98,1UO,000  Etk". 

Any  amoiml  of  work  may  be  specified  as  the  product  of  two 
numbers,  a  force  and  a  epacti.  These  luay  varj',  but  if  they  have 
the  Bame  product  thij  amouut  of  work  done  is  the  same.  A  pound 
raised  lOO  feet,  100  pounds  raised  one  foot,  fifty  pimnds  raised 
tvo  feet,  four  pounds  raised  twenty-five  feet,  all  reprcBcat  th.c 
same  amount  of  work,  iiatiiely,  lOU  foot-poun<ls,  it  boiii);  here 
assumed  Lhat  the  force  of  ^avity  is  iinifoinL  within  heights  of 
100  feet 

The  mean  rate  of  doing  work  is  the  whole  work  done  in  a 
given  time  divided  by  the  time.  If  an  engine  can  raise  1,980,000 
pounds  one  foot  in  an  hour,  its  mean  rate  of  doing  work  is 
33.000  foot-pouuds  per  minute,  or  550  foot-pounda  per  second. 
This  particular  mean  rate  is  known  by  Engineers  as  a  Horse- 
power; and  an  engine  of  one-horse  pow»r  can  do  this  amount  of 
work.  A  horse  can,  according  to  General  Morin,  do  25,150  foot- 
pounds per  minute,  and  a  labourer  fiijm  470  (liiting  earth  with 
a  spade)  to  4230  per  minute.  The  French  horse-power  (cheval* 
va|>eur)  IS  ?.'»  kilogrammetera,  or  7,500,000  ff  =  7,357,500,000 
Krgs  pier  secuiul. 

If  ft  man  weighing  14  titone  run  upataira  at  such  a  mte  as  to  gain  S 
feel  in  vtrliMl  hi-i^hl  every  wcocirl,  Win  inutu-ului myUtm  induing  evi-ry  m^ctvnil 
the  work  of  cnirying  1!)6  Lbs  np  3  (vKt,  i.t.,  bHH  fnot-poiimlii.  If  tb  is  con  Id 
be  kept  up  for  a  miiiatc,  (SO  x  b^8  =  3&,2iSo  fixjt-poandn  woiiM  lie  done,  and 
thi!  nuio  would  b«  in  the  com  BMpposed  undergoing  an  exertion  wbicU  for 
the  monicnt  wontd  be  much  greater  than  a  bor-«  can  keep  up,  ami  ujvi^nty- 
Gve  tioiL-ii  that  which  a  cuutiuuoaf>1y-toiliug  lLil>oun>r,  lifting  tuith  with  a 
ip«de,  caa  sUNlaiu  \  uiid  vvl-ii  uiid<-r  the  inunt  favouniblv  ciruuint^tiiuuee.  u 
labourrr,  raising  hia  own  weight  lufrely,  can  only  keep  up  ono-^ightli  of  tJiis 
«Burt. 

Eaerjfy. — AVlien  a  body  weighing  ten  pounds  is  raised  ten 
feet,  and  jirevented  by  a  catch  from  falling,  the  work  done  upon 
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it — 100  ff>f>t- pounds — can  be  recoveretl  by  permitting  it  t(» 
fall  upon  a  train  of  mecliaimm.  If  the  niechanisni  were  per- 
fect, the  wurk  woitlil  lie  so  restoi-ed  that  another  ten-pound  mass 
might  be  projected  by  it  to  a  height  of  ten  feet,  a  tifty-pouniil 
mass  to  a  height  of  two  feet,  and  so  on.  The  fact  Uiat  \ee  cannot 
obtain  perfect  mechanxBrn  does  not  affect  the  principle.  The 
body  at  a  height  has  therefore  a  power  of  doing  work,  equal  tf 
the  work  done  upon  it  in  lifting  it.  In  this  case  the  power  of 
doing  work  h&s  been  conferred  upon  a  body  by  the  separation  of  it 
from  the  earth  against  the  action  of  gravity :  as  it  remains  in  its 
elevated  position,  there  is  a  stress^  or  pull^  or  attraction,  tending 
to  draw  it  down,  and  it  is  only  in  virtue  of  this  stress  that  it  has 
any  power  of  doing  work.  If  the  earth  and  the  elevated  body 
ceased  to  attract  one  another,  the  body  would,  if  liberated,  not 
fall  down,  and  would  not  restore  the  100  ft.-lbs.  of  work 
spent  upon  it.  We  know  that  the  work  done  in  raising  a 
jnass  VI  thrmigh  a  fieight  »  against  gravity  is  niffs :  the  energ;y 
stored  up  in  the  botiy  is  therefore  equal  to  mys,  and  is  seen  to 
depend  on  the  mass  of  the  body,  the  height  at  which  it  is  placed. 
and  the  local  acceterative  effect  of  gravity.  Energy,  or  power  of 
doing  work  stored  up  in  this  way,  is  called  Potential  Energy,  or 
Static  Energy,  or  Knergy  of  Position,  or  Energy  of  Stress. 
As  an  example  of  Potential  Energy  we  may  take  that  stored  up 
in  A  mill-pond.  Tlie  number  of  units  of  Energy  in  such  a  pond 
may  be  found  by  taking  the  product  of  the  quantity  of  wat«r  in 
it  and  the  average  height  at  which  it  is  placed,  and  multiplying 
that  product  by  tlie  local  value  of  ^.  A  small  quantity  of  water 
at  8  great  height  may  obviously  have  the  same  amount  of  energy 
stored  up  in  it  us  u  lai^r  quantity  at  a  lesser  height.  If  the 
question  be  put,  How  much  work  could  be  got  by  appropriate 
mechanism  from  the  rise  and  fall  of  the  tide  ? — we  consider  (1) 
the  total  amount  of  water  carried  into  the  area  which  can  be 
brought  within  the  range  of  the  mechanism.  (2)  the  average 
height  to  which  it  rises,  and  (3)  the  local  value  of  g. 

We  have  also  energy  stored  up  in  such  bodies  as  watch- 
springs.  Work  is  done  upon  them  in  distorting  them,  and  pro- 
ducing a  movement,  not  of  their  mass  as  a  whole,  but  a  relative 
displacement  of  their  parts.  This  work  is  restored  and  utilised 
iu  producing  movement  of  the  mechanism  attached.  Here  we 
fmd  that  tlie  spring,  when  its  form  is  altered,  tends  to  resume  its 
original  form,  and  exerts  a  pressure  or  a  piill  u;[)ou  any  object  so 
placed  OS  to  prevent  its  doing  so.     This  pressure  is  traasforued 
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into  a  moving  force  if  the  bodiGs  pressed  upon  can  move ;  if  not, 
the  pressure  is  continuously  applied  withimt  proilucing  move- 
ment, and  such  tt  pressure  or  pull  is  called  a  Stress,  In  popular 
laDguage  a  stress  is  called  a  strain,  as  when  it  is  said  that  a 
bridge  or  wire  is  subjected  to  too  great  a  strain,  and  breaks  or 
suaps.  Properly  the  word  strain  meaus  deformation  of  a 
body.  When  a  watcb-spriug  is  distorted,  the  distortiou  or  strain 
persists,  and  Lt«  whole  ninss  is  tu  a  coudilioii  of  strus.'i.  and  tends 
to  restore  the  work  doue  upon  iL 

If  we  look  at  our  prtivious  example  of  the  earth  and  a.  atoQc 
lifted  from  its  surface,  we  see  that  the  phenomenon  is  on  the  largo 
scale  one  of  the  same  order.  Tlie  earth  and  the  stone  together 
constitute  a  system:  when  this  ia  deformed  by  pulling  the  stone 
away  from  the  earth,  the  system  tends  to  return  Lo  its  original 
form,  and  there  is  a  stress  between  the  earth  and  the  stone,  which 
continues  until  the  stone  is  allowed  to  fall  hack  to  the  eartli. 
If  the  stone  had  been  connected  with  the  earth  by  a  band  of 
indiarubber,  we  would  have  seen  the  iiidiaruhber  to  be  stretched 
or  under  stress,  and  would  easily  see  that  if  the  stone  were  liberated, 
it  would  be  jjulled  back  towards  the  earth  ;  but  the  question  is. 
What  is  under  str&ss  in  the  actual  coseT  tW  there  is  no  visible  con- 
necting cord  between  the  stone  and  the  earth.  If  we  could  state 
what  this  was,  we  should  be  able  to  arrive  at  the  cause  of  gravi- 
tation. As  it  is  our  knowledge  ce-ases.  Tliat  there  is  some 
medium,  and  that  it  may  be  under  stress,  is  a  theory  necessary 
for  the  exposition  of  Klectricity,  of  Light,  of  Magnetism,  and  of 
Heat;  but  we  are  as  yet  not  entitled  to  say  that  stress  in  this 
medium  is  the  cause  of  gravitation. 

Work  may  be  done,  then,  in  altering  the  relative  configuration 
of  a  system,  whether  this  consists  of  large  masses  or  of  smaller 
particles.  If  this  system  be  wliat  is  known  as  a  "  conservative 
system."  in  wbich  a  stress  may  be  established  depending  upon 
the  configuration,  it  wiU  tend  to  return  to  its  original  form,  and 
to  restore  the  work  done  upon  it.  If  its  relation  to  surrounding 
objects  be  such  that  it  cannot  so  return,  it  will  be  under  stress, 
and  will  continue  nuder  stress  until  its  relations  to  surrounding 
objects  have  become  such  as  lo  permit  it  liberty  uf  restitution  ; 
then,  at  the  first  opportunity,  it  will  restore  the  work  done 
upon  it. 

The  chfuige  m  it»  relaliona  to  RurrovuKling  nbjeeta  n6CP»mxy  to  render  thi* 
rv-KlimtioD  |xuwili1e  may  he  very  »mal\  ;  fur  ex.iaiplu,  a  Iit^ary  thoj^  may  b« 
luvveiiteJ  from  fuUiuy  hy  a  vary  miiall  chIcIl,  liul  wlieii  lii«  tattli  w  miioveJ 
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tha  liody  rails.  The  eanse  of  the  body  fulling  w  not  itiniplj  Uie  re1«Aae  of 
the  c»U;li,  but  ulnu  tliK  [treviuiiijjr  exii>tin(j  coiifurujntion  of  tlie  di»toite(] 
Hyatvm. 

Similarly,  thr  inKivd it-titx  of  gim powder  have  a  t«inlenry  to  conil  ine  :  it« 
particle«  are  cbeiiiicully»«[ianjt?,  Itut  chemically  atLruct  oii«  anoLhtT,  aioi  there- 
fore posotiKs  potential  enervy ;  the  application  uf  a  very  e-mail  ajuount  of  licat,afl 
byaapark,  lihciaitvfithei»e  particlux,  which  caii  luah  togvthti'iuitl  furni  ti«w  and 
Biiibla  eostiiouiKlf,  wEiit:h  haw  nv  longer  any  teiiih'iicy  lo  allvr  Ihuir  dg^niical 
coDBtitalioii,  Iwing  uu  longer  uiiilt-r  tltL'  Mime  HtrusH,  havini;  nu  luti^^cr  thi^ 
Bonie  potyiitiul  tm-ivy'  A*  it  Imjipcua  ihiit  id  tliin  a|>ccial  cuao  tho  new  Mid 
stable  compoiuula  fonncJ  are  miimly  go^coua  al  the  ordinary  iciiipcintun' 
(Owl  presftiir-,  the  prodiicf  of  comhiKatiim  ocnipy  a  nincli  ljit>;fr  hulk  than 
the  ori{;innl  ;:iinptiw(l'pr,  nnd  the  result  iA  an  e^cplfi^ion.  The.  apark  only  pro- 
duces it*  own  sniAll  effi'ct ;  thr-  pntviyiis  arrongtnient  of  thc;  pAiticleA  of  the 
puwdcr  is  rtftx'onsihle  for  the  rt-tt, 

Caaea  iii  which  Energy  i"  etort^d  up  in  mechanical  arrangements  abound. 
The  air-i^un  coiiBiet^  ot  »  vulnnie  of  air  which  has  bepti,  by  wurk  done  upon 
it,  oompruHwil  inlu  a  Piiinll  bulk,  an<l  which  lendu  to  return  to  its  orit(inal 
dlmmiiiiuni.  Whi;n  permitted  to  tlo  sq,  it  suddenly  ex])iiniJfi,  and  may  ho 
made  to  nAtorv  the  work  done  upon  it  iu  propclliu;;  bulli'l*.  When  u  ulucfc 
is  wounil  up  hy  pulliu);  up  ihc  weights,  work  is  done  upou  thu  nyKUiui  ;  this 
is  restored  i>y  the  whulu  EyEtim  nrturuing  tu  its  original  furni,  thi3  weights 
di!S<»n<linv'  ta  tlieir  luwcst  poHitiion.  It  ukca  a  definite  number  of  days  of 
hoyn  to  do  tltis,  ancording  to  the  mechanical  nrmn^i'ments  devised.  Tint 
work  done  in  bending  a  how  is  swiftly  restored  oa  the  bow  nttuiiu  to  iUi 
original  fonn,  and  may  be  spent  in  iinpartinji;  molioo  to  the  arrow. 


A  non-conservative  system  is  one  in  whtcli,  when  Uie 
system  is  deformed,  there  is  no  stress  established  tending  to  po- 
store  the  original  armngenicnt.  Such  a  system  is  exemplifiGiI  hy 
a  gun  atid  bullet  When  the  bullet  hiLs  left  the  gnn,  Newton's 
first  Inw  applies,  according'  to  which  the  bitllpt  tem3«  to  go  straight 
on  at  a  uniform  rate,  unless  acted  on  by  inipresaed  forcea.  Ite 
bullet  forms  a  part  of  two  systems,  one  conservative  and  the 
other  non-conservative;  its  motion  will  necessarily  be  that  duo 
to  ita  i^Utions  to  both.  Let  it  be  fired  obliquely  upwards :  in 
virtue  of  ic«  separation  from  the  earth,  with  which  it  forma 
a  conserx'ativB  cysttui,  a  stress  is  established  which  brings  it 
back  to  sums  part  of  the  earth's  surface  :  in  virtue  of  its  scpara- 
tion  from  the  gun  it  does  not  tend  to  return  to  the  barrel  of 
the  gun,  but  t'oes  on  until  it  is  stopped.  The  question,  Wliat 
causes  one  system  to  be  conservative,  another  not  to  bo  so  ?  ia 
scarcely  to  be  answered  at  present.  Ttio  presumption  is  that  a 
body  if  .set  in  motion  will,  acconling  to  the  first  law  of  inulion, 
travel  onwaitia  in  a  straight  lino  and  with  unifunn  velocity, 
unless  acted  on  by  impressed  forces ;  in  other  words,  that  all 
systems  ore  non -conservative.     A  shot  fired  vertically  upward* 
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should,  according  to  this  hiw,  pasa  oa  in  the  aamo  direction  with- 
out ceasing ;  but  experience  shows  that  it  does  return,  that  some 
impressed  force  docs  act  upon  it,  and  this,  which  is  another 
Bxpressiou  for  thu  attraction  of  gravitation,  is  nt  present  noL 
Bxplained.  .Similarly,  tlio  [)artic1e8  of  a  distorted  spring  undoubt- 
edly fonn  a  conservative  system ;  stress  is  established  between 
them :  but  the  explanation  of  this  fact  would  imply  a  knowledge 
of  the  constitution  of  those  particles  and  of  their  actions  upon 
one  another  which  we  do  not  ypt  possess. 

Kinetic  Energy. — Power  of  doing  work  is  possessed  also  by 
bodies  which  are  in  Motion.  If,  for  instance,  a  rifle  bullet  be 
ceived  on  an  appropriate  mechanism,  Ibe  jolt  suffered  by  the 
atrumcut  might  be  utilised  in  producing  a  certain  amount  of 
work.  Or  otherwise,  the  bullet,  in  whatever  direction  flying, 
might,  by  a  cord  passed  over  a  pulley,  be  attached  to  a  weiglit 
which  it  pulled  up.  The  simplest  case  of  tliis  problem  is.  How 
far  can  a  shot  fired  from  a  ritio  carry  itself  vertically  upwards, 
in  virtue  of  the  power  of  doing  work  |M:iasessed  by  it  because  it  is 
in  motion  ?  It  is  known  (see  p.  179)  tliat  a  body  travelling 
upwards   against  gravity,   and    passing   a  certain   point  with   a 

velocity  V,  will  rise  to  a  height  — .     The  power  of  doing  work 

possessed  by  the  bullet  in  virtue  of  its  motion  (its  Kinetic 
Energy,  or  Energy  of  Motion,  or  Actual  Energy)  is  com- 

V* 

peCent  then  to  raise  its  own  moss  m  througli  a  space  «  ='aZ 

against  gravity  whoso  local  acceleration  is  ff.     The  work  done  ia 

mgs  =  Mt^  -^  =  —^ .     The  kinetic  energy,  then,  of  a  body  moving 

in  any  direction  with  velocity  V  depends  only  on  its  mass  and  on 
its  txlocity — not  at  all  on  the  local  inteiwity  of  gravity. 

When  the  bullet  arrives  nt  the  top  of  ita  course  it  has  no 
velocity,  and  therefore  no  kinetic  energy;  but  it  will  easily  be 
seen  that  if  it  be  caught  when  "at  the  tnm,"  it  can  be  retiined 
on  a  le<lge,  and  will  possess  potential  energy.  This  we  know 
how  to  express  as  jnys.  The  kinetic  energy  which  the  bullet 
has  lost  it  still  retains  under  the  form  of  potential  energy.  If  it 
be  allowed  to  fall,  it  will  lose  its  potential  energy,  and  will  have 
acquired  the  original  velocity  V  as  it  passes  the  point  of  observa- 
tion. 

Let  U3  suppose  a  body  weighing  10  Ihs.  to  leave  the  ground, 
starting  upwards  with  a  velocity  of  C4'4  feet  per  second;  let 
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if  =  32-2.     Then  the  body  will  ascend  ^  ,  -      .     ., .  ,        

feet  The  body  whose  mass  m=  10  will  rise  6-i-4  feet,  and  if 
caught  at  the  iaatant  wheu  it  oonios  to  rest  will  have  a  poteatial 
energy  of  644  foot-poiuida.  The  alisolute  value  of  thiiS  nmount 
of  energy  depends  on  the  local  force  of  gravity,  hut  o«  g  is 
taken  =  32"2,  the  iwtential  energy  may  be  expressed  ahBoKiUsly  as 
21,736'8  foot-ponndala.     The  kinetic  energy  which  the  body  pos- 

MiV*     10x(644)' 


Besaed  at  the  moment  of  starting  was  — s- 


i 


21,730-8 


foot-ponndals,  mea-^iued  directly  and  irrespectively  of  the  local 
force  of  gravity.  Hence  tlie  kinetic  energy  lost  \>y  the  hnllot  in 
ascending  is  exactly  equal  to  the  potential  energy  gained  by  it. 
At  any  intermediate  point,  where  it  has  less  velocity  but  some 
potential  energy,  it  will  always  be  found,  in  the  case  supposed, 
that  the  sum  of  the  kinetic  and  potential  energies  is  2I.73G'8 
fooL-poundalfi.  Tlic  one  kind  of  energy,  the  jiotentia],  is  trans- 
formed into  another,  the  kinetic,  and  there  is  in  the  system  (earth 
and  atone)  ueitlier  gniu  nor  loss  of  energy  duriug  the  ti-ansforma- 
tiou.  This  is  the  simplest  case  of  a  widely  applicable  principle, 
that  of  the  Oonservatlon  or  Indestructibility  of  Energy. 

This  princiiflfc  is,  tliat  if  a  system  of  l>odies  havt  a  certain 
amount  of  energy  in  one  fomi,  it  must  retftin  that  energy  in  one 
form  or  another  unless  it  come  into  such  relations  with  other 
bodies  as,  together  with  them,  to  form  a  larger  system  iu  wbich 
the  energy  becomes  diflfereutly  distributed ;  and  if  the  system  be 
BO  large  that  therw  is  no  other  body  with  whiuh  it  can  enter  into 
Bucli  rulatiuua — that  is,  if  the  system  which  possesses  the  energy  be 
the  whole  universe — that  system  cannot  gain  or  lose  energy  by 
sharing  with  other  bodies,  and  hence  the  total  amount  of  Energy 
in  the  Universe  is  invarialde  aud  is  inimerically  eonatanL 

If  we  take  the  instance  just  discussed,  that  of  the  earth,  the 
bullet,  ond  the  gun  pointed  vertically  upwards,  these  three  bodies 
possessed  before  the  explosion  a  certain  amount  of  energj-,  potential 
in  the  gunpowder:  just  as  the  bullet  left  the  gun,  kinetic  iu  the 
bullet :  when  the  bullet  was  detained  at  the  summit  of  its  course, 
potential  between  the  bullet  and  the  earth,  but  always  etiual  in 
amount,  the  same  number  of  fuot-poundals.  When  the  kinetic 
energ)'  was  being  transformed  into  potential,  work  was  being  done 
in  establisliing  a  state  of  streas.  During  this  period  the  bullet  and 
the  earth  were  relatively  moving,  and  the  acceleration  associated 
with  the  tranafomiation  of  one  kind  of  energy  into  another  is  attri- 
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buted  to  a  force  acting  during  that  period.  Force  ia  associated 
with  a  variation  in  tlie  rate  of  change  of  the  conrigumtLoii  uf  a 
system  under  which  the  energy  in  that  system  is  altered  in  itd 
distribution  and  form,  and  is  said  to  act  only  as  long  as  that 
variation  continues.  Ttio  word  foroa  ia  limited  to  the  case  in 
which  i5orae  uwivcment  of  niaases  or  of  particles  is  produced,  varied, 
or  cherked :  what  is  po]iiilarly  Ituown  a.s  the  force  tending  to 
bring  a  spring  back  to  ita  original  form,  but  not  actually  doing 
so,  IB  a  stress. 

Stresses  may  obviously  be  measured  in  the  same  way  as 
the  forces  which  produce  them.  A  spring  ia  pressed  upon  by  a 
srtain  weight;  it  bends  to  a  certain  extent:  it  is  then  caught 
biy  a  ratchet,  and  the  weight  is  removed.  The  force  necessary  to 
cause  the  given  bending  of  the  spring  is  known,  being  equal  to 
the  weight  of  the  mass  emjiloyed ;  the  streaa  establfsUed  in  the 
spring  ia  equal  to  the  force  used.  The  upward  pressure  on  tho 
ratchet  must  be  equal  to  the  weight  removed.  Tlie  opposite 
extremity  uf  the  mpriug  imposes  au  equal  and  oppositely-directed 
pressure  on  ita  support. 

Transformations  of  Energy.  —  Ene:^,  however,  assumes 
other  forms  thau  the  two  discussed.  If  the  bullet  in  the  case 
adduced  be  allowed  to  fall  on  the  ground,  it  falls  more  and  more 
rapidly  until  it  regains  its  original  velocity,  and  therefore  ita 
whole  kinetic  encrgj'.  But  this  bullet  may  suddenly  strike  the 
ground  and  lose  all  its  kinetic  energy  :  it  has  already  lost  all  ita 
potential  energy ;  what  has  become  uf  the  energy  of  tliu  system  ? 
We  lind  that  the  bullet  ami  the  part  of  tho  earth  on  wliich  it  has 
fidlen  are  wanued,  and  we  learn  from  a  wide  imluction  of  Bimilor 
cases  that  Heat  is  one  of  tho  forms  of  Knerg)'.  It  is  proved  to 
be  so  by  the  observation  that  the  same  arnouut  of  work,  if  entirely 
spent  in  producing  heat,  will  always  produce  tlie  same  anionnt : 
772"43  foot-pounds  of  work  were  found  by  Joule  to  currespond 
to  an  araoimt  of  heat  capable  of  raising  the  temperature  of  a 
pound  of  water  from  60°  to  Gl*  F.  The  heat  possessed  by  a 
body  is  explained  as  being  tlie  motion  of  its  pai-ticles.  Just  as  a 
ewarm  of  insects  may  remain  nearly  at  the  same  spot  while  each 
individual  insect  is  energetically  bustling  about,  so  a  warm  body 
ia  conceived  as  an  aggregation  of  particles  wliich  are  in  active 
motion  while  the  moss,  as  a  whole  has  no  motion.  Heat  ia 
tlierefore  a  form  of  kinetic  energy:  and  the  more  ht-al  is  imjiarted 
to  a  body  the  greater  is  the  kinetic  energy  of  each  particle.  If 
M  represent  the  average  weight  of  the  particles,  and  V  their 
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average  velocity,  — ~  represents  the  avci-d^'c  kinetic  energy  of  each 

particle;  and  the  sum  of  all  the  masses  multiplied  by  half  the  square 

of  the  average  velocity  rupresenLa  the  intrinsic  kinetic  energy  of 

the  mass.     The  words  "  sum  of"  are  expressed  by  the  symbol  i. 

MV*         —       —        —  m 
Hence,  Intrinsic  Kinetic  Energy  =  2  -r-  =  JVSM  =  V*--, 

where  m  is  the  M'hule  mass. 

Whon  a  bullet  possessing  actual  energy  of  motion  impinges  on 
a  target  there  is  a  certain  amount  of  heat  obtained,  and  the  bullet 
may  be  partly  fused  :  there  is  also  a  flash  of  Light  and  a  certain 
amount  of  Sound.  These  things  are  also  forms  of  Eiiei^.  Light 
is  partly  kinetic,  partly  potential  energy  of  wave-motion  in  that 
Ether  whoso  existence  thronghout  space  seems  to  be  a  necessary 
hypothesis.  So  also  is  ^Radiant  Heat,  such  heat  as  streams  to  us 
from  the  sun. 

When  a  tnning-fork  is  uiatlo  to  vibrate,  work  is  done  upon  it 
in  giving  it  in  the  first  place  a  distorle«l  form.  Its  arms  swing 
like  pendulums,  but  their  vibration  gradually  dies  away  and  the 
energy  of  vibration  of  the  fork  becomes  converted  into  the  partly 
kinetic,  partly  puLeulial  energy  of  vibration  of  the  air- — that  is, 
into  Sound  ;  and  ultimately  it  is  converted  into  uniforntiy- diffused 
Heat. 

Knergy  may  appear,  then,  as  Kiiergy  of  Mechanical  Positioti 
or  Motion,  as  Heal,  as  Light,  as  Hound,  and  again  as  that  of 
Electrical  or  Mjignetic  condition ;  and  a  great  part  of  our  work  is 
to  study  the  modes  in  which  the  various  forms  of  Energy  are 
transformed  and  redistributed,  and  the  forces  and  the  phenomena 
attributed  to  forces  which  are  associated  with  these  transformations 
.  and  redistributious. 

A  faw  other  usiiiiiplea  of  Tranpfomialion  of  Energy  may  hero  be  a<l(led. 
A  rian,  lu-tM^tiding  n  Rinir,  gniim  ttonie  [>rit('iitia1  energy  :  it  is  fimwi  (Hirn) 
tbfit  lie  ifl  iic'i'ct'ptil.ly  cook-r  for  a  iTioinenL  The  lient  of  his  hiwly  has  bt«n 
partly  Ininsfonnt-il  inU>  potentinl  energy.  Of  eouree  the  cxc;rtinn  of  hifl 
tuuBcIcB  Olid  ihi;  excitement  of  bis  circulation  c&uao  him  to  become  varm 
initiied lately  afterward*.  When  he  comes  downataii-s  he  Mcrifice«  the  paicntial 
mcrgy  which  he  bud  poAseas^Hl  vrhL-n  iipsitjiira  in  virtue  uf  lii*  elevated  p<Nii> 
tion,  anil  wiiJch  he  lurght  cnnoeivnhly  huve  tililiM^d  hy  ilroppiiiK  hii)i»elf  out 
of  the  wimlnw  on  ait  a|>pr«>[innte  tniLchiiiO  ptticeil  ou  tl>t  paveiiieiLL  Thi* 
energy  i«  not  lest,  fur  ho  is  (Hirn)  ptrcfptihly  wanner  al  the  bottom  of  ths 
Btiiirthau  he  had  been  at  the  tcp.  At  cverir'  !>tep  doMnstairs  he  bad  aiTC6t«d 
hia  own  r&ll,  and  had  aDuwqiieRtly  ccinvrttid  a  ptirt  of  his  poienlial  CDergy 
tint  into  kinutic  energy  and  th«n  into  hi-Al. 

When  a  c^uuntiiy  of  water  ia  dKcimnpoKil  by  od  electric  current,  tha 


iv] 


tbaxsformations  of  energy. 


43 


u'lectrie  current  is  diminifthect  and  work  ib  done  in  t«8iing  tuundor  n  cfirtain 
imiuWr  of  partid<*8  of  oxy^^n  and  hydrogen.  These  separnb'd  nloins  t*nd 
lo  foil  toj^-tlicr  B^^iiia  and  funu  thu  Mal>]i>  coTn])iaiind,  water.  The  mixture 
lit  osyj^n  Qiid  hydrogen  thiia  formed  by  ''cltctrulysis"  poaaeaecs  potential 
uuer^T  it  clieniical  Hepamtion.  Vili^n  a.  IiKht  ia  applied  Ui  the  inixlun;,  « 
pruck^«a  iif  ivcoiutliuiLiuii  i:4>mui«ncKN,  iLiid  tlic  wltule  uf  tliis  pot«ntiii]  enerj^y 
Im  Mtcriricod  M  Htich,  but  apjienni  in  lliu  fonn  of  lieat,  Uglit^  and  fuiiud, 
und  may  iu  an  apprupmU;  ^ivh-d^Ihc  W  piirtly  i^jKnt  in  duiu^  nicL'baaical 
work. 

The  heat  and  light  produced  by  coialiustipEi  and  by  chemical  coQibino- 
UoQB  in  );\:neriil  arc  furuis  of  energy  obtained  by  tritnefornintion  uf  tiiv 
potential  tuer^-y  wliicli  llie  piuticlL-d  h<iJ  previously  jjo»»cspcd  in  vinim  of 
thuir  clicmiail  M^iKinilion  mid  cheniiual  tiflinity.  Under  vcrtain  circtmisULncea 
thiH  puU-ntiiil  i-iici'gy  may  not  be  tnin«furnic<l  into  Luit  ur  li^bl,  but,  as  in 
tbe  (^vanic  biilLcry,  intnj  tliu  energy  of  a  current  of  ek-ctmity,  wbich  nmy  in 
its  turn  be  niude  to  d»  work,  bf^  Iran&lbmied  intu  beat,  into  ligttt,  iaui  »ound, 
Qr  be  spent  in  netting  up  magnetic  conditiun,  and  nO  nu. 

Wlirn  an  enyJtu'  got-*  round  without  dtnng  work  it  i«  lietitfd,  Wli«n  it 
does  v»ik  it  i»  m-t  beut«d  tn  the  eouio  rxtent,  and  tlia  rvi'vandiM  of  Qini 
have  sbonn  tliitt  the  njiioiiut  of  work  tlone  is  exactly  ei]uix'alent  to  the 
dilfeivnce  111  the  heiit  produced. 

The  eneiyy  of  an  engine  ie  derived  from  the  heat  evolved  by  the  com- 
buKtion  vf  tlie  cmI.  The  c<:«.l  o(  the  rurnMee  and  tlic  oxygen  of  the  air  ru^h 
iM^ttier  uud  HUiiiDce  their  ujergj'  of  cheuiiuully-Kpurate  p<'!'ition,  which  waji 
urigiuxlly  obuiiued  by  the  action  uf  thu  chlorophyll  iu  the  cuolprodu'uing 
planlii. 

When  s  plant  is  expoacd  to  lunliftbt  it  ho*  the  pnver,  by  meani  of  th« 
chlorophyll  or  ooluuiing  matter  of  the  leaves,  ol!  lireaking  up  carbonic 
dioxide,  COj,  of  evolving  part  of  ita  oxtgen  in  the  fr«c  fonn,  and  of  de]>0Biting 
the  carbon  in  a  leas  oxidised  furui  in  its  own  tietiiicvt.  Thu  work  thus  done 
by  the  plant  in  learirig  iuuiid«r  the  riinstitiii>nt6  of  00,  it  in  enabled  Ici  do 
by  the  em-rjy  mippHed  to  it  in  lh«  ftirni  of  l.iglit  and  Heiil  i7LiliuU.'d  froo) 
the  Stin. 

Thti  Sun's  nuliunt  energy  has  nest  to  be  accounted  For.  This  ia  not 
derived  from  coaibuntion,  for  the  Eun  would  lost  but  a  conipnratively  short 
time  if  ita  energy  weie  derived  fioin  any  audi  source  :  it«  rndiutioQ  of  energy 
seems  to  crorrr->|Kind  to  5liO  horsc-powfr  fruiii  eviry  ("quarc  vanl,  «nd  Mich 
an  cnc'tmoUB  outflow  would  soon  exhaust  the  store  of  enur^jy  if  the  enn  were 
merely  a  huge  fire  :  it  is  snid  thai  it  could  not  hu-t  more  than  about  8000 
yeAra.  It  hu:^  lioen  suggested  that  tJie  meteurites  which  fall  into  the  Min  in 
great  number*  are  raiutble  uf  Accounting  fur  the  siinV  energy  ;  of  the  thiuken* 
ing  of  tite  una  duii  to  this  cuuw  a  vi.-Ty  small  aiiiuuitt  conciipniiilii  lo  a  very 
larga  onioiint  of  energy.  Those  meteorites  which  strike  our  "wn  t-nrthV 
atmosphere  are  retarded  and  greatly  heated  in  Iheir  course  through  the  upper 
legions  of  the  nir.  If  they  he  small  enough  they  are  entirely  broken  up, 
aud  their  duet,  chanu'teriBti<.idly  fernigiaou*.  suttk'H  down  on  the  surface  of 
the  eorlb,  and  imiy  Ihi  rccogifistd  in  the  dust  culk'ctud  fruui  some  (specially 
favutLmble  sptit^,  ful-H  as  glii<-icrs,  roof:*,  and  snowy  wastes.  The  kinetic 
enei^  hwt  by  3  rocleorite  fidlijip  upon  the  earth  bt'toines  dir-tributed  between 
it  and  the  eaith  in  tln^  *ysteni  of  which  th«  niPteorile  becomes  h  pari,  and 
this  oontributea  to  1I10  tut-il  i-n<-rgy  posseted  by  the  earth  ;  while  il«  iimteriol 
goes  to  increase  the  earth's  moM.     In  the  same  way,  the  meteorites  which  fall 
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on  the  sun  miut  prodnce  n  (lash  of  lig^t,  some  heat,  ami  s  slight  Lhicl[«ninf{ 
of  the  sun.  It  tiiis  also  Imwh  suRRe^ed  that  a  very  slij^ht  slirinking  of  lh« 
sun's  mass  wouM  evulve  a  litrije  uniount  of  envr}!)*,  iu  pni-tieles  not  being  so 
far  from  one  another  after  lhi«  conti-octioii  in  bulk. 

If  the  iiiL-ieorite  ilicoiy  )>c  ai;u!i.itv<L,  tijv  i^iiotioti  arises,  How  did  th« 
notooHUis  gut  thisir  ciRTgy  of  tuolioii  I  Thiji  wuuld  relupilc:  ue  to  thu  cun- 
adwtttion  of  Lhc^  uniwrsu  us  a  syatctn  of  iiiasfies  aiKl  jmrticlui!  contAiiiinf;  as  a 
wh()]«  A  lixptl  quantity  of  energy  :  and  tliia  wculd  biing  us  to  the  problem 
of  the  otij-in  of  this  pyRtiTo. 

ATaiUbllity  of  Energy. — WliL-n  a  certain  amount  of  energy 

1)05  beon  sf»ent  in  nibbiu;^  a  button,  the  button  is  perceptibly 

Tarmcd.     The  heat  produced  is  exactly  equal  to  the  work  done 

V*  — 

in  rubbing.     It  k  in  —  where  7a  is  the  bot  mass  aiid  V  the 

average  velocity  of  its  moving  particles.  All  this  we  know.  If 
a  little  time  elapse,  the  butt<>n  is  no  longer  i>erceptibly  warm :  it 
has  shared  its  heat  with  surrounding  olijocta  :  th«ir  particles  have 
been  induced  to  oscillate  more  rapidly.  Heat  has  thus  a  tendency 
to  become  uuifonnly  diffused.  It  is  then  no  longer  available  to 
man  for  doing  work.  It  ceases  to  be  power  of  doing  work  as  far 
as  he  is  concerned ;  but  none  the  less  do  the  particles  of  a  hot 
body  set  in  motion  the  particles  of  a  cooler  body,  and  tliR  energy 
which  lias  tlius  lieen  imparled  to  these  they  can  in  their  turn 
share  with  the  particles  or  other  cooler  bodies.  The  temperature 
of  a  hot  bofly  tends  uniformly  to  diffuse  itself  through  the  whole 
material  universe. 

In  every  tranaformation  of  energy  wc  find  that  some  energy 
is  wasted  through  conversion  into  Ilcat,  the  result,  direct  or 
indirect,  of  frictiun,  noise,  flashes  of  light,  and  so  on.  This  heat 
is  presently  distributed  pretty  uniformly  among  the  surrounding 
objects,  and  can  no  more  be  luado  use  of  by  xin  for  the  sake  of 
producing  work,  A  large  quantity  of  the  K]iei:yy  of  the  Universe 
mu!<t  have  alrciuly  assumed  this  lelatively-u&eless  condition,  and 
in  the  course  of  Lime  the  whole  of  tlie  Energy  in  the  Universe 
will  have  assumed  it.  The  Energy  of  the  Universe  ia  a  constant 
amount:  some  of  it  is  available,  some  is  non-available  :  the  former 
is  in  every  pbennincnon  somewhat  diminished  but  never  increfised: 
the  non-available  energy  is  constantly  increasing :  hence,  as  Tait 
puts  it,  the  "  Entropy  "  (available  energy)  of  the  Universe  tends  to 
zero.  Clausius  uses  the  word  eutropy  to  signify  the  uon<available 
energy,  and  points  out  that  iu  thia  sense  the  entropy  tends  to 
inciease  to  a  ma.xiuuim. 

If  with  this  clue  we  trace  back  the  history  of  the  Energy  of 
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the  Universe  we  find,  as  we  go  back,  less  and  less  of  the  total 
Eaeigy  of  tlie  Universe  to  have  become  non -avail able.  On  going 
back  we  arrive  at  a  |jeriocI  when  none  of  the  total  ener^gy  bad 
become  nun- h vail »bte.  l!ut  in  every  phenomenon  there  is  dis- 
sipation in  this  way  of  some  part  of  the  total  energy  of  a  sj'steiD. 
Hence  wc  iind  thnt  we  are  forced  to  reajiae  a  precise  instant 
before  which  there  were  no  phenomena  such  as  those  with  which  we 
are  acquainted,  and  since  which  tho  phenomena  due  to  the  relations 
of  matter  and  enerj^  which  are  within  onr  knowledge  have  been 
occurring:  whilf!  in  tho  future  wo  have  to  contemplate  a  moment 
at  which  the  wlmle  physical  universe  will  have  run  itaelf  down 
like  the  weights  of  a  clock,  and  after  which  an  inert,  uniformly- 
warm  mass  will  represent  the  whole  material  order  of  things. 

The  i>nly  way  of  cjicape  fn>iii  this  toDcludion  i*  Ut  ^ay  t:m|ih(i*i»  na  the 
fact  tbul  ouB  part  uf  thi!  totJil  Energy  of  tlji?  Univi-me  is  imnviiilaliiv  f-o  man, 
and  to  eiif^^Bt  tbat  at  votue  timtf  n  !^tah-  of  tlun^K  m.iy  stipmreiie,  as  a  result 
of  which  the  niolecuinr  motion  which  is  implied  in  a  state  of  uniformly- 
diiriiited  h?ot  luny  be  so  aminged  and  directc^d  as  once  mure  to  prudncQ  a 
•tate  or  thin^«  nucli  thut  particles  may  become  ogiji-e^ted  into  masses,  in 
which  bJL  thi;  portiuk'tt  uiity  inuv«  on  the  whole  in  the  tauiv  direction.  This 
18  what  Cli-rk  MuAwvliV  "  Duiuun  "  i»  [>l<jaMUitly  imaguicd  to  du  ;  hu  vepArntca 
thoaa  parlitilca  which  he  prvvcute  fivcn  goiii^  iu  ouc  direirtiuu  froui  those 
whicb  he  allun's  to  ^u  in  aiiutlivr,  su  llial  iini  lun;;,  without  expnding  any 
work,  hv  hA»  l-he  panicloR  divided  into  two  ^oupfi,  innving  in  opponit* 
dircctinna.  Thiai  is  iiitereflting,  but  it  in  not  pretendsd  that  it  la  any  other 
tlian  a  speculation. 

There  ia  one  case  in  which  ttie  principle  oE  the  conservation 
of  energy  is  not  as  yet  definitely  establisliud.  TJiis  is  in  the  domain 
of  Physiology,  hut  tlie  words  of  Clerk  Maxwell  may  in  this  con- 
nection he  <|nated. 

"It  would  be  rush  to  assert  that  any  oxperimenta  on  living 
beings  have  as  yet  been  conducted  with  such  prccisioit  as  to 
account  for  every  foot-pound  of  work  done  by  an  animal  in  t^.rms 
of  the  diminution  of  the  intrinsic  energy  of  the  body  and  its 
contents ;  but  the  principle  of  the  Conservation  of  Knergy  has 
acquired  jjo  much  scientific  weight  during  the  last  twenty  years 
that  no  physiologist  would  feel  any  confidence  iu  an  experiment 
which  showed  a  considerable  difference  between  the  work  doue 
by  the  aninml  and  the  balance  of  the  account  of  Energy  received 
and  spent."* 

"  OonBonration  of  Poroe"  an  erroneous  phrase, — There  is  now 
no  inmaty  for  tbi»  eiprc»»ion.       It  was   originally  a  tTADsliition  of  the 

*  Xalart,  vol.  xix.  p^  142. 


4& 


WORK  AND  KSKHlJy. 


ICtCAT. 


Gcmiiin  Erhaitunff  rf*r  Kraft,  wbere  Krafi,  meaninf;  »itrpnKth  tn  f<in»>,  vtm 
UH:d  iu  l'?47  bv  Profo-wT  Heliuboln,  for  want  of  a  better  term,  to  imlicHlc 
wbat  i»  uuw  ill  tbe  Eii^liKh  li»iiK«u^«  rijioronBly  iiauieil  Energy.  I'oicos  are 
of  thti  same  onk'r  a*  i>n.-siiun.v  l■x(!I1l^l.  |>'Aiiiils'  or  ifrannne*'  weight,  rwsUnce 
overouiuu' :  furcuE  may  he  rvyrvsvulvil  hy  Unri  wliicli  inilicuti^  th<.-ir  iiiaj^nituile 
anil  'IiniciiotL  Etitr>^'  is  of  tlio  sainu  unlur  as  Murk  ttucniiijilMii'iI,  n»  jwuiiJs 
or  grammeH  lifted  flr  rcnsUiico  overcmrao  eliruu};li  a  cltuIu  number  of 
fctet  nr  c<!ntitnctreii,  anil  it  may  Ih;  rcprcn!ntecl  by  anna  wbicli  am  iodi-- 
pcndcnt  of  direction. 

The  hyflmnlic  pre-w  npprentty  crfat«i  forre,  and  if  its  action  be  ppvcnted, 
force  fliwppi'ttM  ;  but  the  work  dune  upon  it  must  he  th^  (mine  m  th«  wurk 
(Inne  by  it,  and  Uiouph  tlicrt^  is  dd  C^onftLTvulioii  of  Forte,  yrt  thcrv  ia  itrict 
Cunaervutiuo  i>f  Knur^'  in  thi*  as  in  all  tboac  otbci  mccbimicbl  uiiithvancca 
in  whicii  furcc  is  oltert-d  iu  aiituunL 

We  have  seen  that  Kiiergy  may  be  reprftsenlei^   hy  F«.  the 

product  of  force  resisted  throujjU  space  s ;  by  mys  where  mass  w  is 

luiaed  tliroiigh  space  s  against  gravity  whose  local  acceleration  is 

mV 
ff  :  by  - —  when   a   mass   m  has  a  velocity  V  imparted  to    it 

We  shall  fiuther  see  that  Knergy  may  be  represented  by  the 
proiluct  (JV  of  »  charjje  C  of  Electricity  into  a  nuniericiil  quautity 
V,  calliid  Electric  Potential ;  by  the  product  qp  of  a  quantity  g  of 
Jhiid  forced  into  a  space  against  au  average  pressnie  p:  by  the 
product  of  a  chemical  affiuity  (wliicli  is  equal  to  the  work  done 
in  separating  the  atoms  of  an  equivalent  of  a  chejnital  com- 
])oiind)  into  tlie  number  of  electro-chemical  equivalents  which 
enter  into  combination  ;  and  in  other  similar  ways.  These  things, 
however,  will  tind  their  explanation  iu  due  place. 


Prob/ettis. 


1.  Enersy  is  power  of  doing  work  :  this  dcpcnda  on    -^'i    a   botiy 

moving  with  a  certain  velocity  v,  can  pierce  a  plauk  of  tbickacMJ;  if  il 

moves  with  vclwiily  v   wbat  thickucn  can  it  pierce  t — wtffw.  (  =  ( [ -^  | 

S.  A  dlmt  tnivtfllin^  lit  the  rale  'if  700  frH  ti  M-cncid  w  jiiet  able  to  pierce 
u   S-iuvh    biianl.      Wliat   vult^L-ity   in   tcijuired   to   pierce  a   S-inuh   boud  f 

~An».  700  X     -—  =  857-42  fccU 
^  » 

3.  A  shot  tmvnllinf;  at  a  ccrtAin  rate  can  bury  iUelf  10  fent  in  aand  : 

bow  for  could  a  shot  tmvdlliiiK  with  double  Hint  sjicetl  bury  itaulf  t — Ans. 
40  fvet 

4.  Ifa  nioas  of  154'466  poundii  be  ullnwcd  to  rull  10  feet,  but  in  its  fall 
Iw  miidc  to  wt  a  Intin  uf  mucbaitiJiu  in  actiun,  and  if  tUnt  uwuhauisin  do  uo 
other  work  ttiun  to  stir  up  u  puuuil  of  wat«r  vixh  a  paddle,  huw  iiiucli  wifl 
the  water  thus  Htimxl  up  bo  wurmod  ? — Ant.  S°  F. 
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5.  If  a  locomolivc  wciyhinj;  DOOO  kiloKniinmes  niii  ot  tlie  tinifonn  rate 
r>r  10  tnetnui  |ier  eeconil  rwunil  l>  circular  niUwiiy  wliura  radius  i*  2  kJlo- 
mctrcfl,  what  will  be  iu  kinntic  energy  T — Avt.  m  =  6,l}00,000  griiu.;  v  = 

1000  em.  p«  Hoond  j  —  -8,500000,000000  ¥.r^,  or  2110  ErgUrnn.     The 

t'licrgy  (iocs  net  drpcnil  <in  tlie  fomi  of  the  path  travereed,  Tmt  only  on  th« 
velucity  at  tuich  iiiKtAiit  nluii^'  that  pulli  ;  fur  kinetic  energy  la  inAepenient  of 
direction. 

Graphic  Representation  of  Energy. — The  rcprescutntion  of 
work  Uy  the  produri  Ys  (force  acting  into  the  apace  through  which 
it  acts)  finds  its  grajihiral  eijiiivaleiit  in  the  rtiprpsentation  of  work 
done  as  a  rectangular  Area,  tht*  prcuhict  of  two  lines,  of  whinh  one 
represents  the  force  ar-tirig  and  tlie  oilier  the  spitce  tlirougli  which 
a  body  has  been  moved.  If  any  instrument  can  be  devised  which 
will  mechanically  describe  such  an  area,  the  amount  of  work  done 
by  a  moving  body  can  he  recorded  ;  such  an  instiiimcnt  is  a 
Dynamometer.  This  name  is  ajiplied  to  tUe  apparatus  in  which 
an  elastic  spring  is  deformed,  Ihe  extent  of  its  deformation  show- 
ing, by  comparisoQ  with  that  produced  by  a  given  weight,  the 
amount  of  Force  acting  on  the  instniment.  The  same  name  has. 
however,  been  given  to  instruments  designed  to  recurd  not  only 
the  force  acting  on  the  spring  at  any  given  instant,  biit  also  the 
whole  Energy  spent  in  producing  the  deformation,  and  ineaaured 
by  a  Himiillaneous  record  of  the  force  acting  and  of  tlie  space 
through  wliieh  it  has  acted. 

If  ft  distorted  spring  have  a  writing-pnint  attached  to  it,  as 
tie  distortion  of  the  spring  varies  the  pencil  will  move  backwards 
and  forwards  in  one  line ;  if  a  piece  of  pajwr  be  held  against  the 
writing-point  as  it  travels  back  and  fore,  the  tracing  produced  is 
not  instructive,  for  it  is  simply  a  line  traced  over  and  over.  If 
the  paper  ba  drawn  past  the  writing-point  at  a  uniform  rate,  the 
line  is  a  curve  from  which  may  easily  be  deduced  the  mean  value 
of  the  defurming  force  during  the  wh^le  titue  of  observation.  If. 
however,  the  paper  he  moved  not  uniformly  but  at  a  varying  rate, 
proportioned  at  every  instant  to  the  space  passed  through  by  the 
moving  body  (that  in,  to  the  rate  of  change  of  deforniatioii  uf  the 
spring),  then  there  are  two  fiictors  reoonled  in  the  sanje  tracing 
— Qrat,  the  amount  of  space  passed  through  (this  being  indicated 
by  the  amount  of  pa]>er  unrolled  under  the  writing-point  in  a 
given  period  of  time);  and  second,  the  force  which  has  acted  in 
producing  deformation  (this  being  recorded  by  the  oscillations  of 
the  writing-point  attached  to  the  deformed  spring). 

If  tlic  writing-point  thus  attached  to  the  spring  be  supposed 
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to  draw  the  enrvn  ABODKF  of  Fig.  O.the  various  parts  of  Hk  line 
give  me  to  the  following  discussion.  The  line  Oabcd  shows  the 
various  spaces  travereed  bj-  the  body  set  in  motion ;  the  lines  aA, 
6B,  cC,  etc,  show  the  various  pressures  at  successive  iustaiitB  of 


nffji 


time.  Tlie  condition  of  iifl"»irs  is  more  easily  rtalised  if  we  consider 
a  cylinder  the  steam  in  which  pushes  a  piston.  Then  the  expansion 
of  the  steam  is  correlated  to  the  movement  of  the  piston,  which 
may  be  represented  by  distances  along  the  line  Ox.  Then  aft  denotes 
the  expansion  of  the  steam  as  its  voliimo  increases  from  On  to  06, 
aA  or  &B  ita  pressure,  and  hence  the  work  done  by  the  steam 
during  the  increase  of  volume  aj  is  represented  by  the  rectangle 
aABft.  "When  the  steam  expands  still  further,  so  that  its  in- 
crease in  volume  is  if,  the  pressure  or  force  acting  is  again  con- 
stant, and  the  work  done  is  represented  by  the  rectangle  tC 
Next,  when  the  volume  Oc  becomes  Orf,  the  pressure  sinks  from 
cC  to  rfD ;  the  average  value  of  the  pressure  is  ^  (rC  +  dD),  and 
the  work  done  (or  average  pressure  x  apace  cd)  =  ^  (cC  +  dl))  eJ. 
This  is  the  area  of  the  figure  cClW,  which  accordingly  represents 
the  wurk  dime  during  the  increase  cd  of  volume.  Tlie  area  De 
is  made  !i[i  of  nuniorous  rectangles,  and  if  these  are  made  suffi- 
ciently numeruus  the  line  DE  is  a  curved  line.  The  area  com- 
prised between  the  curved  line  DEF,  tlie  urdinates  rfD  and  /F, 
and  the  abscissa  df,  represents  the  work  done  by  the  steoiu  during 
expansion  of  the  steam  from  the  volume  Od  to  the  volume  0/ 
The  area  aWfa  represents  the  work  done  during  expansion  of 
the  steam  from  volume  Oa  to  volume  O/. 

The  Indioator-Diaeram. — Since  the  time  of  Jil[i]C(>  Wutt  cngincera 
have  been  ucciutomcd  lo  tnakv  ih^  aBgiaes  ncvid  Lhoir  avm  working  by  the 
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method  jii«t  ctisrumed.  In.  the  Indicator-Diagram,  oa  the  cnrre  traced 
is  called,  the  ttto  facton  which  it  in  di^Tvd  to  rvc^Dnl  are  thu  Bpace 
iTcrsed,  whbh  U  ini-fL-mn-il  Ly  the  aniouht  of  iiiikvciii>ent  of  tho  piKt»n, 
ami  t}i4>  farce  acting,  whir.li  in  tli*^  juviuini-t^  of  thf  ott'oin  in  Lhtr  rylinijcr. 
The  ^iniiiT  fai'tor,  the  «]jnc<'  miiviil  thr'iiti|>h  liy  the  niHtnii,  i*  fieUrniiinHi  by 
inakin^  tliw  piflton  wr  any  jibH  of  the  machint-ry  upon  whith  it  directly  acts 
set  in  opcratioD  the  m«chAimm  that  iiurolhi  the  paper  upon  which  the  recor<l 
is  to  be  prc«er\'ed.  This  papor  is  dra'n'n  ovvli  thi.-  writing  point  at  a  into 
depending  on  the  velocity  of  the  piston  ;  hence  ilie  space  tmveneJ  by  tliu 
piston  during  mioceiu'ivt  iut«rva)s  of  tiiiiu  i«  pruportioiiol  to  th«  amount  of 
jmpur  which  in  drawn  iindi^r  the  writing- point. 

The  pcnul  is  bom«  by  thu  pieLun  of  &  KniiUI  sidii  cylinder  attached  to  the 
niun  cylinder.  The  stfain  ie  let  into  tliia,  and  prcaaes  the  little  ipiaton  out- 
wards ;  it  preaws  it  ngainst  a  Rpring  until  the  reEtstnnce  offered  by  that 
spring  pr^^venifl  further  propulsion.  If  the  pressnrp  were  ronstant,  the  littJe 
pinion  would  n^niain  «t  ihu  wimp  level  ;  but  of  the  prewure  of  the  8toiun 
vurivs,  the  po«itton  of  the  pi«ton  also  varies,  »  it  lien  lietween  the  opposing 
spring  and  steam.  lis  disphicement,  then,  measures  the  pressure  of  steani 
in  the  cylinder,  which  is  the  second  factor.  If  the  pencil  be  drawn  over  tlie 
pencil'point  when  no  steiun  has  acce«»  to  the  side  cylinder,  a  rtmooth  line  i» 
<iiawu,  thv  Liue  of  No  Pressure  ;  if  tlie  &tcani  be  nllowml  ti.>  enter  thv 
side  cyliudc-i',  llii-  diviTguucvti  of  thL>  line  then  pruduccl  Crum  lIic  line  of  no 
pretaun:  mciuurv  thu  vuriationH  of  thv  pivsEuru  of  the  Btvoju. 

Whilv  thii  inuchinv  in  working'  Bt«aiu  ia  not  allowed  to  enter  the  sids 
eylinder  until  tlie  apparatus  is  re-jKly  to  reccmL  The  Kinjdl  piston  is  conoe- 
qnently  at  reAt.  While  the.  pif4on  of  tlin  main  eylinde.r  in  moving  in  one 
dirfi'tion,  paper  is  roUfd  over  the  pencil-point ;  tu  thv  piston  slackens  speed 
the  paper  also  slackens  in  spved  ;  oa  the  pbton  stops,  the  paper  doea  the  aame ; 
fu  the  piston  travels  in  the  opposite  direction,  the  paper  travels  in  the  oppo- 
8it«  way  at  u  pnip(iriuFnat<-.  rate.  Ah  lung  lu  the  steam  is  not  adniitU!(1  into 
the  tide  cylindir,  tli<-  iKtjw.c-  travt-I*  backwriinls  and  fin-wanJs  ov»-r  the  peucil, 
nnil  the  wiin^^'  straight  line  is  tmvc*]  and  retiacvil.  The  stvam  is  ailiuilt^  to 
th«<  Hide  cylinder  for  the  space  of  one  conjplvte  osi-illalion  of  the  main  piston, 
und  the  pencil-point  ileelf  travels  in  acconJancv>  with  the  varying  preeeure  of 
ttteotn  dnrii^;  tliat  period.  The  curve  tt&ced  thereby  is  composed  of  two 
part*.     The  one  AC13  i»  produced  during  expansion.     The  work  done  by 


rij.io. 


the  stMun  in  the  cylinder  during  ita  expansion  ia  the  area  ACBfifi  if  Oa&  ba 
the  line  of  no  preiunrc.  When  Uie  pinton  has  finished  its  etrokii  it,  and 
tberffoK  the  pupcr,  stands  for  an  instant  .it  rest.  Ilien  the  piston  ia 
pressed  against  the  steam  cither  by  othrr  tsU-am  o*  by  the  atmosphere,  and 
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the  j>a|)cr  is  draim  backvar^a.  Work  in  thus  dnnt^  against  the  Et«iTii  durin;; 
the  backward  stroke,  and  it  is  represented  liy  llic  area  BUAoA,  where  BDA 
ii  the  line  reconled. 

Thi»  iIifFi-r(;ni:e  Itctwi^ctn  llie  nrunn  ACTB/m  mid  BDAafi  reprewnt*  t]i«  excess 
of  work  done  liy  the  ntfuni  ov-t  thnt  iltmi;  n^ftinnt  it :  hi-nce  the  total  work 
doae  by  thw  ontjine  i»  nijircscnted  by  the  nrca  of  the  8urfiK«  ACBD  tracwl 
oat  by  Uk  pencil  iu  the  formatiua  of  the  eo-caUiid  Indicatoi'-Diagrnnt. 

In  Bome  cases  it  is  Bufficient  txi  knoiv  the  meau  force  acting. 
Id  aiicli  cases  the  space  traversed  belug  a  known  quantity,  tlte 
energy  can  be  (leLennined  if  the  mean  force  alone  be  recorded. 
For  example,  if  the  mean  force  required  to  pull  a  vehicle  be  found, 
it  ia  a  very  simple  matter  to  multiply  the  remrded  mean  force  by 
the  space  traversed  in  order  to  find  the  total  anmunt  of  energy 
expended.  In  Miirt^y'a  investigations  (Trav.  du  Lahn-at.,  1875) 
into  the  compnnitive  total  work  expended  on  a  vehicle,  according 
as  an  elaatic  spring  is  or  is  not  placed  between  it  and  the  dmtight 
animal,  a  capsule  was  so  arrnnged  that  the  air  in  it  suffered  irre- 
gular compres-sions  and  rarefactions,  corresponding  to  the  irregular 
jolts  between  the  animal  and  the  car.  The  writing-point,  set  in 
movement  by  tlio  correspond!  ugly -irregular  oscillations  of  one  of 
the  walls  of  the  capsule,  which  was  llexible,  described  irregular 
lines  when  there  was  no  elastic  intermediary,  and  more  regular 
ones,  nearer  the  lino  of  ed  disturbance,  when  there  was  such  an 
intermediary  introduced  ;  from  these  it  was  found  that  the  mean 
force,  and  therefore  the  total  energy  expeuded  in  the  two  cases 
were  in  the  ratio  of  about  4  to  5,  showing  tliat  the  use  of  an 
clastic  spring  between  a  draught  animal  and  the  vehicle  which  it 
draws  results  iu  an  economy  of  labour  amounting  to  about  25 
I>er  cent 


CnAPTER  V. 

KINEMAnCS. 

To  the  part  of  Suieuce  which  deals  with  Motion,  considered  per  se 
and  without  reference  either  to  the  force  producing  it  or  to  tho 
body  moved,  is  given  the  name  of  Kinematics.  The  nature  of 
the  questions  discussed  under  this  title  is  essentially  mathema- 
tical;  and  though  no  j:^.at  acquaintance  with  mathematical 
methods  is  presumed  in  the  rea<ler  of  this  volume,  it  will  be 
necessary  to  assume  in  him  a  certain  amount  of  knowledge  of 
elementary  geometry  and  algebra. 

General  Propositions. 

DirectioiL — There  cannot  be  Motion  without  Dix-ectJou ;  we 
cannot  think  of  a  body  or  a  point  as  moving,  and  yet  not  moving 
in  any  directioiL  If  it  move  at  all,  it  must  uilhur  move  so  as  to 
travel  constantly  in  the  same  direction,  iu  whiuli  caso  it  is  moving 
in  a  straight  line;  or  else  the  direction  of  its  motion  must 
change  as  it  proceeds  from  point  to  point  of  the  path  traversed, 
80  that  the  body  travels  in  some  kind  of  curved  line. 

Id  the  great  majority  of  those  curves  which  possess  physical 
interest  as  being  those  in  which  bodies  actually  do  move,  it  is 
possible  to  draw  at  any  point  of  the  curve  a  straight  line  known 
as  the  Tangent  to  the  curve  at  that  point.  The  Tangent  to  the 
Circle  at  any  point  is  familiar  enough,  and  is  easily  understood  to 
be  a  straight  line  at  right  angles  to  a  radius  connecting  the  centre 
of  the  circle  with  that  point  of  the  circumference  at  which  the 
tangent  is  to  be  drawn ;  and  the  characteristic  property  of  the 
line  as  a  tangent  is  that  it  touches  the  circle  without  cutting  it. 
Tangents  may  in  a  similar  way  be  drawn  to  most  curves,*  so  aa 
at  any  dotermincd  point  to  touch  but  not  to  cut  the  carve,  unless 

*  Far  a  rnluBl)1iT  ilUruuinn  of  L'>»rta.iii  anoiDolotu  atta,  which  do  not  God  ■  pUoo 
bare,  lea  Cllifori'H  Dgaaimc,  pp.  ib,  46. 
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the  curve  changes  its  curvature  beyond  the  point  at  which  the 
tangeuC  touches  it. 

Ifa  circle  U>  tltawn  on  a  xay  larg«  Acale,  and  a  tftngent  b«  dniw-n  to  it 
ftt  ftny  ptiiit  cliowTi,  it  will  be  found  that  the  larger  the  a>i:ii1ii>  tlir  moru 
nearly  will  tli«  circle  ni>pc-nr  to  cDinci'<l«  with  tlii;  Ungcnt  ut  th«  ]>uiiii  of 
cnotact  This  can  easily  Iw  fvvn  hy  actually  ilrawiuj;  eiicli  a  figure.  In  fact, 
if  a  circle  be  drawn  on  n  very  j;rcat  scale,  any  very  little  part  of  ita  circuio- 
fereni^e  will  nppcar  to  be  practically  Htiaiglit.  Of  course  it  is  not  strught, 
but  by  drawing  the  circle  sufficiently  large,  and  by  diniinidhing  the  siw  of 
the  little  pitrt  of  the  drciiuirerviiee  considered,  the  upproxiitiHtioti  to  perfwl 
strsightncM  in  the  little  |»art  or  "element"  considered  niuy  be  rcmltrrcd  an 
oloM  «is  may  be  dciiirBd,  Such  a  circle  may,  then,  be  conB)(l<'ped  as  a 
polyj;on,  having  an  inftnito — grmtur,  that  is,  than  any  definite  iuifii}nia.ble 
—nntnbcT  of  eideji,  the  Icnj^h  nf  «ach  a(  which  ia  indefinitely  nniall,  and 
each  of  which  coincidea  for  nn  infinitesitnnl  dtatnncc  with  the  tangi^nt  which 
IB  dmwn  paxt  it 

Whttt  is  tnio  of  A  Iar>;e  circle  i»  Inie  of  « tmall  one,  and  hence  motion  in 
a  circ]«  may  be  con»tdi.-rvi]  w  motion  round  a  polygOD  of  an  indefinite  number 
of  rides,  whence  the  following  proposition. 

As  a  body  or  point  moves  round  a  circle,  the  direction  of 
ita  motion  is  that  of  the  tangent  at  each  successive  instants 
Similarly,  the  rlirectiou  of  motion  of  a  Ijody  which  travels  in  any 
other  curve  is,  at  each  Buccosaive  instant  of  time,  the  same  as  the 
direction  of  the  tangent  to  tlie  cnn'e  at  tlie  point  of  the  curve 
momentarily  occupied  hy  the  moving  body. 

Velocity. — We  liave  already  anticipated  some  kinematical 
statements  in  liiscnasing  the  velocity  of  a  moving  body.  This 
was  defined  as  the  distance  passed  over  in  a  unit  of  time  by  a 
body  in  motion;  and  if  we  consider,  not  the  moving  body,  but 
the  motion  itself,  we  may  say  that  one  of  the  necessary  properties 
of  pure  Motion  is  Velocity.  It  is  not  possible  to  think  of  Motion 
without  thitikiug  of  a  corresponding  Kate  of  motion,  so  long  as 
Space  and  Time  are  related  to  Motion  in  tlie  way  in  which 
experience  shows  them  to  bo ;  and  the  idea  of  liate  of  Movement 
is  as  necessary  a  constituent  of  the  idea  of  Motion  as  is  that  of 
Direction. 

Velocity  may  be  uniform  or  variable.  The  measurement  of 
unifonn  velocity  is  simple  enough ;  and  it  has  already  been  ex- 
plained  on  what  principle  the  measurement  of  variable  velocity  ts 
based.  Whether  the  direction  of  motion  be  conntant  or  variable 
— whether  the  moving  particle  travel  in  a  straight  line  or  in  a 
curve — the  principle  involved  is  always  the  same,  namely,  that 
the  velocity  of  a  moving  particle  is  the  length  of  path  travereed 
by  it  in  a  unit  of  time,  or  the  length  of  path  wliich  would  have 
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beea  traveraod  by  it  diirin<;f  a  unit  of  time  if  the  speed  had 
remRined  uniform  durin<^  that  period.  In  the  cose  of  motioa  in 
curved  paths,  thero  arise  sulmldiary  mathematical  difiiculties  in 
the  estimation  of  the  precise  length  of  tlie  path  traveraed,  but 
these  only  ari:^  iti  the  determinatioti  of  the  value  of  one  of  the 

terms  of  the  fonuiUa  v  =  ~  ,  oud  do  not  aJTect  the  validity  of  the 
formula  itsel£ 


Velocity  may  be  otherwiitc  liefined  a»  tlie  T«lati&ii  of  change  of  poottiou 

to  cl^on^  uf  tituc.     If  at  u  ci^rUiirt  instant  of  time  the  moring  puint  be  at  a 

ilijitAnctt  t  frotn  a  fit(»l  point  cbui^vu  &»  a  flUintlurd  of  ivfurvucv,  Lticn,  tu  time 

yiwa  on,  the  positiion  of  the  Ijotly,  ami  tbcroforu  tlie  value  of  »,  clmngca,     Ijct 

lh<!  time  during  which  motion  is  going  on  be  St,  a  very  flntall  tUment  of 

time,  and  the  comatpondJng  cliangt  nf  positiiw  l>e  &*,  then  this  relation  of 

IW   change   of  pciMtiuii   (r>   llm  chnii){<-  of  time  may  bi;  vxpnrjMi!!!   Ly  the 

Si 
bactioQ  r, ,  wbich,  when  St  'u  cbo6«D  aulllcifuitly  small,  become*  the  fuiiction 

"  d$ 

liar  to  students  of  thd  Ditfercntial  CaleuUis  ag  -^  ■    Tbia  change  of  i  in 

th  the  i^MMutgn  of  tiiiir  niny  hu  very  lulvantagcuuily  repiracntwl  M  t, 
D  ilot  above  the  U'ttc-r  imUcjitcs  "the  value  of  the  change  in  unit 
oE  time  of"  tte  quantity  exprvMe^  by  the  letter  oi'er  whicli  the  dot  is  placed, 
when  the  unit  of  time  chQsea  is  very  auull.  This  is  the  notation  employed 
by  Newton  in  hia  FttLxi^fU,  i  being  the  L-ban^ii  or  Fluxion  of  c  If  the 
velocity  (i)  tt^If  ebaugi!,  tliis  change  uf  velnuity  in  unit  of  tinic^^wliicli  we 
otherwiae  know  under  the  name  of  Actwileratinn— «-ould  he  rEi)iTs«MitL'd  by 
the  Bymbol  if.  So  if  the  ai-xyjleratinn  (i)  itaetf  varied,  the  change  of  accelera- 
tion per  unit  of  time  would  he  represented  hy  the  symbol  *.  Snoh  n  niimlwr 
of  dotR  as  this  ran-ly  nccun  in  physical  prohlent.^. 

We  may  here  maVc.  hau  of  previonn  iLieciusious  to  bring  together  some  of 
the  ^mboU  oicd  to  expre«  friyiiiently-reuurting  terma. 

Distance  of  particle  from  point  of  origin  =>#, 

Velocity,  V  =  t=  J  ■ 

Accelenttton,  a  =  cli&itge  <:lt  v  =  t=t=  y' 

Force,  f  =  ma  =  viv  =  mi'. 
Energy  =  J  mo^^  J  m  (*)'  =  Kinetic  energy. 
Do.    ^  ft  =  BWJ  =  •mXs  =  Polcnliftl  energy. ' 

Dlmenslona. — It  i»  sometimca  tniportonl  to  cuiuider  these  quantitiw 
from  juothcr  ]M]iut  of  view,  tu  which  reference  may  ha  made  hens  in  pikiung. 
DulAiKe  of  a  particle  from  a  point  of  referents  may  be  reprfaeiited  by  a 
straight  line  whit'h  is,  meit^urnble  in  units'  of  Length.  Unit-dislJince  would 
be  reprcMnCed  by  unit  of  Ifmgth  :  di»tAnct>,  lhii.>ref<>re,  is  said  to  l>e  of  one 
dimcTiiion  in  length,  and  &  distance  may  be  n-prcAcuted  by  the  symbol 
[L].     Velocity  is  a  Ieni;th  (space   traversed)  divided  by  a  time,  and  Itl 

diiiMiHions  are  said  to  be  1^-    Acceleration,  the  volocity  acquirod  per  unit 
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of  tiioG,  U  a  velocity  diviflcd  by  a  limx.',  and  il«  <3iinenEioiia  are  e&id  bo  be 

[L]       I  [h] 

\T\  '  frl  "''  rni'     ''°^^'^   *"  '^  ^&aa  X  ncorlention,  and  iU  ilirnvnaiun*  are 

,P     ,      [MI-]      „  -^  ,  mt* 

ftwonlingly    V..^-^     Energr,  if  ure  talce  IIhj  cipreawou    -^, 


UODB 


M[^]' 


Knergr,  if  vn  talce  tli«  cxprvawuu    — ,  Ims  the  dimcrn- 

»      [ML-'l 

If    |T?^|    ^  while  if  we  take  the  exprtanion  mof,  it  ii  fwimd 

to  liAve  lltt  dimensions  [M]  j^i  [^x.]  or  jfi-^  ,  the  same  result. 

Simultaneous  Motions. ^ — 11'  a  particle  have  by  any  means 
two  6(i]>amtc  independent  motions  comtuiinicated  to  it  simul- 
taneously, each  will  produce  its  own  elTe*;t,  and  tlie  total  move- 
ment of  the  particle  can  be  found  by  any  process  of  summation 
which  may  be  found  mathematically  appropriate.  It  will  always 
be  found  as  the  result  of  experiment  on  bodies  which  may  be 
tflkcn  to  represent  particles,  that  if  the  motions  imparted  to  the 
particle  be  thenigelves  coustant  iu  velocity  and  direction,  the 
result  of  their  concurrence  is  a  single  motion  in  a  straight  line 
with  a  single  velocity  and  direction.  The  single  motion  which  is 
produced  as  the  result  of  the  concurrence  of  two  motions  is  colled 
tlitiir  Resultant,  and  they  with  re«;an]  to  the  resultant  are  called 
its  Components.  If  a  ship  travel  from  west  to  east  and  a  man 
oil  hnard  al.so  walk  from  west  to  east,  the  speed  of  the  .sliip  and 
tlie  speed  of  his  walking  will  liave  to  be  added  together  to  find 
the  ruUs  at  which  he  is  moving  eastwards :  if  the  ship  travel  from 
west  to  east  and  he  walk  along  the  ship  from  east  to  west,  the 
difference  between  his  own  speed  and  that  of  the  ship  is  the  rate 
at  wliich  he  is  travelling  eastwards.  In  tlie  latter  case  the  result 
may  bo  positive — i,f.  he  is  really  going  eastward  ;  negative — »>. 
he  is  really  going  westward;  or  zero,  iu  which  case  he  has  no  move- 
ment at  all,  Elie  ship  carrying  him  east  just  as  much  as  he  walks 
to  the  west,  so  that  he  is  really  beating  time  in  the  same  ploce. 
If  a  steamer  travel  to  the  east  and  be  at  the  same  time  carried 
to  the  north  by  a  current,  the  path  traversed  by  the  steamer  will 
be  a  lino  which  is  tlic  diagonal  of  a  paralletogiam  whoso  sides 
represent  tlie  eastward  and  northward  velocities  reepoctivcly. 
Tlie  steamer  will  describe  this  diagonal  line  in  the  same  time  as 
it  Would  have  taken  to  have  steamed  or  to  have  drifttid  along  uiio 
or  the  other  side  of  the  parallelogram  if  the  steaming  or  the 
drilling  respectively  had  been  the  only  cause  of  its  movement. 
Hence,  to  find  the  resultant  of  two  simultaneous  velocities,  the 
rule  is  :  Construct  a  parallelogram  whose  adjacent  sides  represent 
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in  magnitude  and  direction  tho  velocities  pruduced,  and  the 
diagonal  which  lies  between  tlicso  adjacent  sides  reprcscnta  the 
resultant  velocity.  If  tlie  lines  AB,  AC  (Fij^.  It),  represent  in 
direction  and,  on  any  convviitiuiitil  inuale, 
the  meguitude  of  the  velocities  simiil- 
taneously  imparted  to  tlie  pwiut  A,  the 
point  A  will  move  along  the  line  AD  to 
the  point  1)  in  the  same  time  that,  under 
the  inHuence  of  the  velocity  AB  alone, 
it  would  have  taken  to  reach  B,  or,  under 
the  influence  of  the  velocity  AC,  to  reach 
the  point  C.  Tlie  actual  ctmstnictioti  of 
the  diagram  represetiting  lite  resulunt  of 
any  two  velocities  is  an  easy  matter:  the 
calculation  of  the  value  of  the  resultant 
— that  is,  of  tiie  length  of  the  dio^oual — involved  a  little  geo- 
metrical working. 

Whfn  tho  Lwo  L-umiioufiitJ?  axv  tU  riglit  anglefl  to  one  uncilhBr,  we  rosurt 
tu  Eucl.  I.  47,  wliicli  EiUuwa  Unit  in  a  right- 
aogled  trianijk  ACE),  of  which  thu  right  an^lc 
iitat  B,  AD2  =  AC«  +  C;i>'.  lu  the  iiamllfl..- 
Br»mFi({.  II  [a)  it  is  yiain  ihrtt  AD''=  AL'^  + 
CI)*;  but  CI>  =  AB ;  Iwnc-  Am  =  AC«  +  AB'^ 
or  ia  wotiIa,  th«  Bi|uaTv  of  the  nrMiittmil  i* 
equal  to  Lh«  nuni  of  llie  MjiiiiifH  tif  llu-  twn 
ooi[i[ioTu:itt#,  if  ihi'M!  \m  at  n^\i  M\^t»  tu  om- 
imuther. 

Again,  if  they  W  not  »t  r\^\\l  ud^Ich  to  one  onutbcr,  they  must  make 
either  an  ucutv  or  un  ubtuw  hhkIv.  In  the  former  c-u^i;  we  t«wrt  to  BucL  II. 
13,  which  shows  thut  if  the  pondlelognuu  he  ilra^^-n  (Ki)j;.  13)  and  the  siilu 
AC  be  produced  so  far  thiit  a  line  I)E  can  bu  tlravrn  at  right  an|jle»  to  it_ 
from  the  iioint  U,  th«  eqimtion  AD^^  AC^ +  CD"^  +  2AC-CE  Ih  truy  ;  this' 
enables  U8  to  fin«]  the  value  of  AD  if  wc  know  that  of  AC  and  AB  (which  ja 
equal  to  CD),  and  it  we  can  find  that  of  OE.     In  the  ktt«r  caec,  where  tha 
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oi^le  DAC  between  t]ie  componenU  AB  and  AC  is  obtuse  (Fig.  14),  Eucl. 
II.  13,  Hhowa  118  tlial  if  we  droji  a  perjiendicular  DE  from  D  upon  the  biiM 
AC,  the  eiiitalion  AD^  =  A&  +  AC'  -  2ACEC  hulil«  good,  and  eiukbk-a  us  to 
Snd  tho  viilue  of  AD. 
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JVobiems. 

1.  A  perean  on  !>oard  a  nhtp  wliJch  ia  going  nuttwanls  walks  liack  (luJ 
fore  at  t'he  rate  of  4  iiiilc-H  ah  Vmr  relative  to  th«  fhi]) :  llif*  nliip  ie  travulliDg 
at  the  rttc  of  12  miliy  nn  bmir.  What  iit  lii>  alHxilute  veli*city  when  he  is 
vallting  foruaril  t  wliikt  when  lie  is  going  aft  t  wlmt  iit  hiit  avtmf^e  nlwilute 
velocity/ — Ant.   10  milra  ftu  hour  ;  8  mile*  nii  hour ;   12  tuiloH  an  lioiir, 

2.  A  point  movea  with  velocity  a  e«stwarda  and  velocity  b  we«lwikid» 
aimnlUneoUBly.     What  ia  ita  eastward  velocity  1 — Am.  a-b. 

3.  Interpret  the  result  if  i  u  gT«aler  than  a. — An*.  The  eulwanl 
rolocity  ^  fi  —  & ;  tlii"  I*  iivgative  :  tli«  vvtocity  must  Umrefure  be  westward 
and  =  ft  -  n. 

4.  InU'n'rvt  Uif  nwult  if  h  =  a. — Ant,  The  watward  velocity  =  «  — 6  =  <i  .* 
oir  the  body  i»  ttbaihUi'ly  at  nti. 

6.  If  ill  n  railway  cuITia^«  coiuiwrttucnt  a  iiuiii  walk  scron  at  th« 
mte  of  5  mileii  an  honr  while  the  train  goes  forward  at  the  rvle  of  IS 
milea  on  honr,  whnt  will  have  Vh«ii  his  rt-al  path  and  velocity  relative  to 
the  railway  line  underneath  )  —A»x  In  Vig.  1 1  (a),  if  AB  =  5  and  AC  =58: 
the  Kfll  path  i«  AD,  wliich  has  a  value  of  13. 

G.  To  the  mjiie  porticli^  ore  impart«l  n  velocity  of  IS  and  one  of  6  ffet 
per  »«ond  in  dirrctions  which  stand  to  one  another  at  an  anj-lc  of  60* : 
iirhat  are  the  directions  and  the  auiiaQnt  of  tbo  reaultont  velocity  I — Ana.  In 
Fig,  1 3,  tf  A  H  represent  the  velftcity  (if  0  fL-et  per  second,  and  AO  on  the  same 
scale  that  of  IS  fwrt,  the  nngli*  BAO  b«ing  one  of  60',  then  the  line  AD 
will  indirate  the  ilirvrtifin  of  the  ivsiiltflnt  movement,  nnd  the  e>ination 
AP'-ia'+e^+axFiiVOE  (CE  "being  seen,  rinte  the  triangle  CDE  is 
half  an  equilateral  Iriaiiyle,  to  be  e<[ual  to  half  CD — that  is,  to  3),  or 
144  +  36  +  72  =  262,  shoWA  that  AD=  v'2.*i~2  =  16-822. 

7.  Tf  in  the  last  qne^^tion  the  angle  between  the  directiona  of  the 
^'elocitjes  hail  been  ISO^,  what  would  the  rejmltant  velocity  hav«  been  t 
— .-Iiu.  In  FifL  U,  if  AB  be  B  and  AC  12,  the  angle  BAC  Iwing 
ISO*,  ADS  =  igs  +  e'  -  8  X  IS  )<~CE=  144  +  36  -  73  =  lOS  ;  whence 
AD=  1/708=  tO-392  feet  per  mwniL 

8.  ATliat  would  have  been  its  direction  ( 

In  the  wnio  tlRure,  1 4,  the  tiiangle  ADC  haa  its  side*  AC  =12,  CD  =  6, 
and  the  angle  D€A  =  OU*.  By  trigonometry  we  iind  that  the  anglv  DAC  is 
3fi*  1 6',  and  henoe  the  Erection  of  the  rvsnlunt  motion  ia  inclined  to  those  of 
tUi  components  AC  and  AB  at  the  angles  uf  33°  16'  and  84*  44'  t«q)ectively. 

Triang^le  of  Velocities. — If  the  figures  jxist  made  use  of  be 
reduced  to  their  simplest  necessary  elemeuts,  it  will  be  seen  tliat 
tliere  i«  no  need  to  describe  a  complete  parallelogram  in  order  to 
find  the  line  which  would  be  ila  diagonal.  The  tlin^  sides  of  a 
triangle  are  quite  sulBcietit  to  express  the  relation  between  two 
component  velocities  and  their  resultant,  and  for  the  determina- 
tion of  the  resultant  of  two  velocities  the  rule  may  be  thus  stated: 
Take  a  storting  point ;  from  it  draw  n  line  repr»^nting  in  nuij*- 
nitude  and  direction  one  of  the  component  velocities ;  fVom  the 
point  thus  arrived  at — that  is  to  say,  the  end  of  llie  line  thus 
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drawn — draw  another  line  similarly  representing  the  second  com- 
poueut  velocity.  The  third  side  may  now  be  laid  down,  and  the 
prohleiQ  is  reduced  to  the  form  which  in  trigonometry  is  simple 
enough,  namely — Given  two  sides  of  a  triangle  and  the  angle 
between  them,  to  tind  the  third  side,  and  the  angles  which  it 
makes  witli  the  two  sides  givuu.  In  the  triangle  ABC  (Fig.  15), 
if  the  sides  AH  and  BC  represent  the  cumponeiit  velocities  in 
amount  and  direction,  AC  in  the  same  way  re]jreseuU)  their 
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resultant;  and  it  will  be  observed  that  if  the  sides  of  the  triangle 
he  takeji  consecutively  in  the  "cyclical"  order,  AB,  BC.  CA,  tlie 
direction  of  the  resultant  is  in  this  diagram  opposed  to  that  of  the 
comprini>tit«i. 

Resolution  of  a  Velocity  into  Oomponents. — Tlie  converse 

proposition  is  one  of  very  general  utility.     In  the  former  case, 

by   Composition,  that  single  resultant  was   found  which   was 

the  uflect  of  twu  simultaneuusly-imparled  luovuments.     A  single 

movement  may,  conversely,  be  considered  as  the  resultant  of  two 

iponent  movements  which  we  may  wish  to  liud.     The  process 

finding  them  is  known  as  the  Kcsolution  of  a  motion  into  its 

components.       A   given   pair   of   velocitioa   can   only   have   one 

resultant,  for  if  two  sides  of  a  triangle  be  fixed,  there  13  no  scope 

for  variation  in  the  position  or  lenj^Lh  of  tlie  thin!  side ;  but  if 

■  the  resultant  be  given,  it  can  be  resolved  into  components  in  an 

indefinite  number  of  ways,  for  there  can  he  an  infinite  number  of 

t  triangles  made  by  supplying  two  sides  when  only  one  side  is 
determinately  fixed.  Hence  the  question  how  to  resolve  a  velocity 
into  its  components,  set  in  this  vj^ue  way,  never  arisea ;  but  the 

t  question  how  to  resolve  a  velocity  into  its  compouents  in  certain 
fixed  directions  is  of  constant  occurreuce.  Such  a  question  is 
generally  solved  by  coustniction  in  the  following  way : — Let  AB 
(Fig.  16)  be  a  line  indicating  the  direction  and  rate  of  movement 
of  a  particle.     It  is  required  to  know  what  are  the  correspondiug 

§  components  in  two  directions,  LM,  NO,  arbitrarily  chosen  or  deter- 
mined by  the  conditions  of  the  problem.  Draw  lines  from  the 
extremities  of  the  line  AB  parallel  to  the  directions  assigneil.  In 
this  way  a  parallelogram  will  bo  formed  in  which  AD,  CB  will 
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be  parallel  to  LM,  aiid  1>B,  AC  to  NO.     In  this  parallelognun 

AH  represents  the  single  motion  wliuse  components  are  to  be 
found ;  tlie  length  of  AD  or  CB  represents  the  proportionate  value 
Pi^iQ  of  the  component  parallel  to  LM,  and 

DB  or  AC  the  proportionate  value  of 
thflt  jmrallel  to  NO.  Hence  the  problem 
is  solved.  Very  little  practice  euuhlea 
one  to  dispense  with  drawing  a  com- 
plete pamllelogmmj  and  to  find  the 
components  by  constnicting  either  the 
triangle  ABC  or  ABD.  If  numerical 
valu<>a  aro  required,  we  can  find  them 
by  means  of  the  known  atiyles  whicli 
the  directions  of  LM  and  NO  make  with 
that  of  AI3 ;  the  value  of  these  two 
angles  together  with  the  numerical  value 
of  AB  give  by  trigonometry  the  numerical  values  of  AD  and  DH, 
which  represent  the  componeuts.  If  wo  wish  to  rcaolve  a  single 
velocity  into  cunipouents  at  right  angles  to  one  another,  the  process 
is  precisely  the  same,  LM  and  NO  being  drawn  at  right  angles  to 
one  another.  A  modified  form  of  the  pnililem  which  wu  very 
often  encounter  is — Given  a  velocity  in  a  certain  direction,  what 
18  the  valae  of  its  component  in  another  assigned  direction  > 

This  is  solved  by  the  following 
construction  : — Txt  AB  (Fig. 
17)  represent  the  given  velo- 
city and   LM  the  direction  of 
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in  the  point  K 
parallel  to  LM. 


M  the  required  component  of  AB. 
Draw  through  A  a  straight 
lino,  AC,  iudefiiiitc  in  length, 
hut  paralle]  to  LM.  From 
the  other  extremity,  B,  of  the 
Une  AB,  draw  a  line  BD  fr.( 
right  unglts  to  AC,  cutting  it 
AE  is  the  component  required  in  the  direction 


ProUems. 

I.  A  velocity  of  30  feet  per  K<rotid  :  what  is  (lie  vatne  of  iti  component 
iij  n  direction  wlikli  makes  with  itfl  own  an  angle  of  60'? — Ana.  In  Fig.  17,  if 
tlio  anfjla  ABD  l»e  00",  tbe  line  AB  raay  represent  the  velocity  given  ;  ED 
tvprvsenU  \\»  cuiiipoiLenl  at  an  onglu  of  60'  witli  it.     Tbe  triuigle  BEA  ift 
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balf  on  eqnilatcni]  triangle,  And  EB  is  half  of  AB  ;  [t  rcprcsenU  thcrcfoR  a 
component  vclocitT  of  15  fvc-t  per  st^cond. 

2.  A  velocity  of  20  feci  per  iwi-ond  :  what  i«  the  Talu«  of  it»  cotnpQiidQt 
wliuM  direction  makca  with  ita  owii  an  onglo  of  30'  I — Ant.  In  tliij  oauie 
figun>,  if  tlic  au^lp  ABE  be  30",  and  AB  represent  tin?  vt-lwity  20  feet  per 

SMomd  :  in  inch  a  trinngli;  EB  :  AB  : ;  , /—  :  1,  and  the  Talu«  of  the  com- 
ponent is     ^ —  X  20  =  v^300  -  17*38  feet  per  Kcood. 

3.  A  velocity  of  60  feel  B^Becond  :  what  is  llie  value  of  ita  component  At 
angle  of  45'  ? — Ant,      /    -  x  60  =  42'42  feet  per  eecond. 

4.  A  velocity  v  in  a  certain  dinctLon ;  what  is  its  component  ut  rijjlit 
lies  to  tbiit  direction  1 — Atu.  It  baa  none. 

Composition  of  more  than  Two  Velocities. —  ff  inarp.  tliari 
two  vetin;iUea  be  iin|jart.i_Hl  Lo  li  btiJy  the  resulUiul,  is  iilwiiys,  if  tliey 
themselves  be  uniform  in  ainoutit  and  directicu,  a  BJtigle  uniform 
iiiotiau  in  a  straight  line.  If  the  several  velocities  imparted  bo 
uU  in  the  same  piano,  their  resultant  may  eiisily  ho  found  by 
finding  the  resultant  of  any  two  of  them,  compounding  the  result- 
ant thus  obtained  with  any  other  of  the  velodtiea  imparted,  and 
90  on,  till  all  the  velocities  have  Iwen  taken  into  consideration, 
and  the  final  resultant  obtained.  Let  the  several  velocities  which 
are  imparted  to  a  paiticle  be  roprest*ut«d  by  the  lines  AB,  AO, 
AD,  AEj  AF  (Fig.  18),  all  in  one  plane.      It  is  required  to  find 
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their  resultant.  The  resultant  of  AB  and  AC  is  AL;  the  resnlt- 
ant  of  AL  and  AD  is  AM ;  the  resultant  of  AM  and  AE  is  AN; 
that  of  AN  and  AF  ia  AO,  the  final  resultant  of  the  five  vuloci- 
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ties  AB,  AC,  AU,  AE,  AF.  It.  does  not  matter  in  what  order 
they  are  conipoiuidcd ;  it  may  Le  left  as  an  exercise  for  the 
reader  to  show  t!mt  tiie  Bume  resxilt  is  always  obtained  whatever 
be  the  onier  followed. 

The  Polygon  of  Velocities. — If,  in  the  last  diagram,  the 
tiguTc  ABLMNOA  be  traced  out,  it  will  be  seen  that  it  is  a  poly- 
{{on  whose  sides  rej)resent  the  various  velocities  and  the  resiJtant: 
for  these  sides  are  AB.  BL  (=  AC),  LM  (=  AD),  MN  (=AE). 
NO  (=  AF),  and  AO,  which  represents  the  Resultant  Hence  the 
method  of  finding  of  the  residtant  cf  any  number  of  forces  in  the 
same  plane  may  be  exemplified  as  follow*: — Take  a  starting-point 
X  (Fig.  19)  i  from  K  draw  the  Line  KP,  representing  AB  in  mag- 
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nitude  and  direction ;  from  P  draw  PQ,  representing  AC ;  from 
Q  QR,  representing  AD;  from  R  RS,  representing  AK;  from  S  ST, 
rtrprescutinj,'  AF ;  then  join  KT.  KT  reiire&LMits  the  Iteaultant 
sought  It  will  be  seen  that  the  itirection  of  the  resultant  is  opposed 
tn  tliat  of  the  other  sides  of  the  polygon  taken  in  cyclical  order. 
The  rule,  then,  for  the  composition  of  a  number  of  velocities  i« 
the  same  plane  is — Construct  a  polygon  with  lines  representing 
them  (it  being  a  matter  cf  indifference  in  wliat  order  they  are 
taken,  or  whether  they  cross  one  another  or  not),  and  if  there  be 
a  side  missing  complete  it ;  it  will  represent  the  magnitude  of  the 
resultant,  and  its  direction  will  be  opposed  to  that  of  the  other 
constituent  sides  taken  in  cyclical  order.  If  the  two  points  K 
and  T  coincide,  then  the  line  KT  lias  no  value,  there  is  no 
resultant  motion,  and  the  result  of  the  simultaneous  velocittea  is 
a  state  of  rest 

Reference  to  Axes. — Tt  b  on«D  at  ean«nii<i)t,  or  more  so,  firat  tn 
jviwlvo  each  velocitj-  into  Iwo  compouenta,  wUA  arc  made  parallel  to  arbi- 
tnrily  choeoa  axca.     Lot  thu  Mime  velocities^  AB,  AC,  AD,  AE,  AF,  be  snp> 
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pO0»d  u  ia  tb«  previous  [Minif;niplii<.  Tbruui^ii  tlie  poiut  A  (Fig.  SO)  draw 
axes  of  X  luiil  y  ut  rigUt  angluH  to  rocb  other.  Kcsulvu  «k1i  relocitj  into 
its  Dompuneiila  puraUul  Ui  tbbse  oxob,     AB  ie  neolTod  into  Ab  ami  Ayl?  ;  AC 
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into  Ac  aiiit  Ay,  ami  m>  on.  Tlie  viilue  of  the  resultant  u  ruand  after 
■iintininK  up  with  n-TifrenM  to  each  axis  etparately.  The  t<jtal  result  with 
reference  tti  the  axis  of  x  is  (A6  +  Ac  —  Ad  -  Ar  +  A/X  which  has  a  value,  say, 
+  Ar.  In  the  axis  of  if  tlie  total  reault  is  (- Aj3  + AyH- AS- A<  ~  A^), 
which  has  the  aggregate  value,  »ny,+  Ap.  The  reflultaiit  ihervfvre  lb  t^>  Iw 
dra\nj  frinn  A  to  n  point  K,  whieli  has  ctionliiiai(::s,  /=  +  Ar,  y=  +Ap. 

Velocities  not  In  one  Plane. — Tim  Mine  i.>»!iwiitiiil  prinriplf^s  opply 
here  ax  in  ihu  pruccdiiiy  [wru^^pliH.  In  tliL-  caau  of  a  railway  train  tmvel* 
linf,'  0.1  tiiu  aciini!  limt.-  uortliwiirdt-,  wc-stw-imlH,  and  upwardn,  the  motinn, 
whila  it  nmy  be  ropi'esented  l>y  a  slmight  linpj  is  the  wsiilfant  of  tlirfi-  com- 
ponents lit  right  nnfjles  to  each  other.  The  proposition  in  thrti.-  dimensioM, 
which  corni-jijHiiulM  to  that  known  tut  the  parallvlo- 
gram  of  velocitii.-*  in  liidinicTiRifiunl  »]iacp  (in  a 
plane),  LM  called  the  paralleltpipedon  of  T«lo- 
oitlvs.  If  the  tluve  velocitJM,  Ar,  Ay,  X~.  (Fij;. 
21),  at  right  angles  to  earh  other  Iw  pompounrled, 
the  iwultant  is  expreiuifcd  by  a  line  drawn  fmni 
A  to  the  opposite  aiigk*  of  Hint  paralkdipipedon, 
of  which  Ax,  Ay,  A::  uieiistire  the  len^ilh,  bri^adth, 
and  thickuBss.  If  Ax,  Ay,  Az  bo  ut  rit^bt  iuikIi^d 
Ui  one  another,  AK^=  CA^='  + Ay^  + A;-),  while    ^  ' 

if  they  he  nul;  at  ri^lit  an{;les  to  one  another,  AA  ia  the  diagonal  of  an. 
oHiqne  pTuim. 

An;  rectilineal  velocity  may  he  reaoW^^  into  thi^e  compotientii  in  an 
itidertnitc  number  c-f  ways,  for  there  may  l>e  an  infinite  number  of  prisma 
coiutniete«I  on  a  giren  diagonal  ltnr>,  but  thf^re  can  only  bo  one  «-ay  of 
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HKitriiH  wnA  a  novcincnt  intn  rniiipnuenbi  if  these  mnst  be  at  rij^lit  angles 
to  vttr  umUht,  or  if  Oil-  itln-ctioiiti  uf  two  of  tliem  be  aMiign('<). 

Tb»  PolyVtul  of  Velocities  nlso  a{ip1lL'c  wIicmi  the  component  niovc- 
MfBla  Atv  aot  nathct«(!  to  one  plani',  for  a  BO-ealM  "gauche  ju>lyg<mt,"  or 
**t«is4ri1  iMilvj^ui,''  nmy  be  lealiaed,  no  three  of  whriK  coiitignoua  niit-t,  arv 
in  Um  e«iu«  plMio  ;  thv  only  e««iitial  CTiterioii  of  Buoh  r  )M>ly^>ii  is  tbat  it 
•bftU  be  cuulinuous  and  cIom-J.  If  with  it  polytt""  win*!-  »id(M  rcproseut 
wbeiUet  be  rcalisod,  but  In;  hicouigiltiUt  or  "uiiclQtu.-c],"  the  miming  side 
nfCMVUt*  tbe  ItviulUuit,  and  tbi;  dircctiun  of  tlie  resultant — oppomt«  to  that 
«f  Ibt  Rft  of  the  ud^s  tukeu  in  rydical  ordvr — and  its  niimnil.ucE(>  are  found 
ia  |1m>  mom  ytty  t»  if  the  polyi^oii  bad  been  restricUd  to  a  plane  ftui-fitce. 

Tb*  nii-lbod  of  refcrenoe  to  axes,  illustrated  by  Fit;.  20,  U  of  »pi!ciij 
ttw  wlii-n  mrndcd  to  tridiuienitoiml  apni^e.  Of  n  nmuWr  of  vclDcitit'S  in 
diffvrrnt  dircetiona  In  Himcc,  cacli  iiiny  bv  KKilvcd  into  tliKc  conipouenlf, 
l«mllid  Iti  ibr  axi^h  of  x,  of  y,  uid  of  s,  and  ihu  resultant  ia  found  after 
vutumint;  up  the  dftscta  prucluci'd  with  rcfensQce  to  each  of  theAP  nseft 
Ivvpcrlivoly. 

Change  of  Velocity.— This  phraae  is  sometimes  employed,  as 
wlicii  ihf  slaLcmeiit  ia  made  that  a  certain  \*eloeity  has  beeu 
rlmii^'^Hl  into  another,  and  the  question  ia  asked,  Wlmt  has  been 
tilt' '■  t'hanj;^  of  Vtilocity?"  Another  way  of  stuLin-^'  tliu  same 
is — A  known  cuinpoucnt  and  an  unknown  one  have  pmcIiH'^ed  ii 
given  resultant:  tplmt  was  the  value  of  tlu  unknown  minpmimtt 
This  is  easily  solved  if  tlie  direction  of  motion  have  uot  changed  ; 
while  il"  the  direction  have  also  changed,  the  question  ia  answered 
by  the  aid  of  the  triangle  of  velocittca ;  the  two  aides  being 
known,  thi-  tlurd  side  is  easily  found. 

ParallelogratQS,  etc.,  of  Acceleration. — ^Vliat  ia  true  of 
simultaneous  velocities  imparted  in  general  is  true  of  velocities 
siiuultiiaeously  imparted  in  unit  of  time — that  is,  of  Accelerations, 
and  hence,  if  a  Itody  receive  two  accelerations,  these  must  be  com- 
pounded iu  exactly  the  same  way  as  two  velocities.  So  every 
oue  of  the  geometric  propositions  just  laid  down  with  referi'tice 
velocities  finds  its  exact  counterpart  iu  a  pri>{iositit)n  rtiluti[i<< 
Accelenitious,  and  we  thus  have  such  propositions  aa  the 
'arall(*loj,'ra[n,  the  Triaugle,  the  Polygon,  the  Parallelipipetion  of 
LAccelenitious. 

ProUeina. 

1 .  If  the  itam<!  particle  be  BiuiulUneounly  affected  by  a  northward  velocity 
I  of  10  foet  pf.p  BRcrind,  an  Pii.*tward  of  ft,  one  towardti  the  S-W.  of  7,  to  the  W. 
'«f  8,  to  the  S.E.  of  5,  and  to  the  N.E.  of  7,  find  the  re«ultant  nioToment, 

and  etiow  thtit  it  doca  Dol  matti^r  in  what  order  the  coniponcnlii  ore  reaolved. 

2.  If  tiie  aics  of  x  and  y  bu  drawn  at  rifiht  angles  to  one  another  through 
rthe  coiunidti  ^itit  A ;  if  tii«n  the  point  A  be  lupjiowcl  to  be  •imulttinvoiisly 

allecl«(i  by  velucitieji  KprvsKitttd   by  the  following  liiius,  vix.  (n)  ouo  dniwo 
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making  an  angle  of  lii*  with  Ax,  un<l  of  such  a  length  u  U>  represent  a  tcIo 
city  of  10  metKfl  i>er  second  ;  (b)  one  nrnklog  an  angle  of  4fi*  with  Ax,  aad 
rcprescntinR  a  speed  of  16  inctres  per  second  ;  (c)  one  n>*king  an  obtu»  anglt^ 
of  120*  with  Ajt,  and  reprcaonting  8  metres  per  necmid  ;  luid  (d)  win:  at  an 
angle  of  lOS*  with  Ax,  and  representing  a  nite  of  IS  iiKtrex  per  srcoad. 
Find  the  resiilUiut  vetocily  (1)  Iiy  the  polyKon,  and  (2)  hy  rvftrciiep  to  axcfc 

3.  If  a  body  moving  10  niili!s  an  hour  northward  come  to  move  at  tho 
fMuc  rHt«  HotiUiward,  what  ic  the  chango  of  velocity  I^Ans.  20  iuilt>9 
an  liottr. 

4.  If  a  body  be  morinK  with  a  velocity  4  inileB  an  hour  nortliwnni,  and 
is  after  some  time  found  to  be  movtug  at  the  toiui;  rate  eastward,  wliui  ii 
the  change  of  velocity  ? — Aru.  4  x  's/S,  acting  towards  th«  S,E. ;  th«  hypo- 
teniue  of  a  right-angled  triiiiigle. 

ft.  If  a  body  moving  at  th«  rate  of  10  feet  b  second  is  found  aft«r  «onw 
time  to  be  travelling  at  the  xiimu  raU',  but  in  a  direction  itmlined  at  an  angle 
of  60'  to  ita  former  one,  what  is  the  change  of  velocity  i — Atu.  10  feet  per 
BOGond,  making,  witli  the  original  component  and  the  resultant,  on  equilobiml 
triangle. 

Accelerated  Motion. — If  a  body  be  moving  at  b  rate  winch 
increaaea  or  decreases  with  the  time,  ita  velocity  is  Baid  to  be 
accelerated.  The  acceleratiou  is  said  to  be  positive  when  the 
velocity  of  the  motion  is  increased,  negative  when  it  is  dimin- 
iahcd.  It  is  measured  by  the  amount  of  increase  or  decrease  of 
the  velocity  per  unit  of  time.  If  a  particle  be  at  a  certain  initial 
instant  moving  at  a  rate  V,  aud  if  iU  accuLeratiou  be  d:a,  thtin 
it«  various  rates  of  motiou  ace — 

At  the  initial  instant  V. 

At  the  end  of  one  second    .  ■      ^'  zb  cu 
At  the  end  of  two  seconds  \'  ±  2a. 

At  the  end  of  t  seconda      .  .     V  ±  o/. 

Hence  we  arrive  at  a  general  i;<|uatiou  expriissiug  the  relation 
between  v  tliu  Telocity  acquired  at  the  end  of  i  seconds,  V  the 
original  velocity,  and  db  a  the  acceleration,  namely, — 

v^y^at.      (1.) 

in  which  the  +  or  the  -  sign  is  used  according  to  the  (joaitive  or 
the  negative  character  of  the  uniform  acceleration  a. 

It  is  supposed  that  the  acceleration  is  uniform,  and  hence  the 

ftverage  velocity  during  any  inteiTal  uf  time  ia  the  arithmetical 

rinean  between  the  velocity  (V)  at  the  commencement  and  the 

•velocity  (V  ±  at)  at  the  end  of  the  interval ;  that  ia  to  say,  it  is 

equal  to  half  their  sum  or  l{(V)  +  (V±aO}  =  (v  +  -)  .    Thi.9 

being  the  average  velocity  during  the  interval,  the  space  traverfled 
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will  be  found  by  mnltiplying  the  average  velocity  by  the  time, 
and  hence  we  have  (s  being  the  space  traversed)— 

.  =  /(v±°J)=V'±^.    (2.) 

From  equations  (I)  and  (2)  we  may  eliminate  t*  and  thus  obtain 
a  third  equation — 

««=V»±2aj,     (3.) 

which  expreasus  the  reUlious  between  the  original  and  acquired 
velocities,  the  space  passed  over,  and  the  acccleratiou. 

All  elementary  prolilemB  coucerning  accelerated  movement  iu 
one  directiuD,  which  give  a  suflicieut  uumter  ul  terms  tu  enable 
a  concluBion  to  be  arrived  at,  can  he  solved  by  the  aid  of  these 
equationa. 

J\ohtemt. 

1.  If  the  velodQr  «t  the  initinl  instant  be  10  feet  per  H«nn(1,  and  the 
ftficeleiatioQ  be  +  8  fe«t  per  wcond,  what  will  be  tlic  Kpccd  at  tht  cn<l  of  13 
Beconda  1 — Aits.  litre,  by  ('(luntinn  (1)  (v  being  the  unknown  U:rm\ 

V  =  Y  +  a(  =  1 0  +  (2  X  1 3)  =  36. 

2.  If  Lhc  accelcrfttiou  be  -  2  feet  pur  Ki-oiid,  wLjit  will  he  tbc  velocity  7 
— Ant.  r=  lO-(2x  13)=  -  16  ;  that  it,  16  ftul  [m.t  bcwuiI,  iu  it  din-cUua 
oppoKil  tu  the  ori^iuat  vi-locity. 

3.  If  tbe  t*>niijnnl  velority  be  20  fefit  per  noeond,  the  acwlerntion  be  4 
ttet  A  wcomi,  ftnil  the  initinl  velority  4  fMt  per  wroiirt,  wliat  vru  the  time 
spent  in  iicrttiiriiiK  tlie  nltiinittc  Kpcc-d  i — An*.  Here,  by  equation  (1)  {t  being 
the  uoknomi  tenn), 

20  =  4  +  it,  wbenoo  ( =  4. 

4.  A  body  falls  with  Bcc«lvniteil  velocity;  it«  acquinid  Telocity  is  100 
ft'et  per  HUoDd,  iti  aco^leralion  is  10  feet  per  evcond,  aud  it  Ililb  been  gaining 
opeed  for  8  Bcconds,  AVbat  was  the  initial  velotity  I — Am.  By  e(|uation  fl), 
V  being  the  unknown  term,  100  =  V  +  (10x  8),  wbunce  *  =  20. 

5.  A  bcnly  fftlltt  ^tom  yto'i :  ite  velocity  iiicrcnecB  by  3S'S  feet  per  ttccond. 
What  will  he  it«  cpyed  at  the  end  of  5  Kccnds  I — Anj.  By  equation  {!),  h 
being  ibc  unknown  term,  and  V  =  0,  w  =  0  +  (32'2  x  &)  =  1  (J  1  feet  per  second. 

6.  What  apaoe  will  have  been  travewed,  the  tevina  remaining  u  in  the 
liut  question  t — Ans.  By  eqtiatibn  (S),  *  Wing  the  unknown  ijuaiility,  and 
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7.  What  time  will  n  bwiy  take  to  fnl)  502*3  feet  if  it  bo  tbrou-n  do«-n 
from  a  cliff  at  tho  Initial  rate  of  ^0  feet  per  weond,  and  if  the  aciclcration  of 


•  From  equation  ( 1) :  ( =  ± . 

a 

SuhAlfliite  this  value  for  t  fn  nguntioii  1,2)— 
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A  ^tnt?  body  be  38-£  feet  per  aecond ) — Am.  Here,  by  equotioD  (2),  (  being 
the  nnhnowu  term,  SOS^S  =  StM+  IG'K",  a  (inadratic  :  whence  (  =  5  ncconds. 

8.  If  its  initJtkl  velocity  lijwl  bt-en  20  feet  per  Becond  ufncards,  how  long 
wonld  it  take  to  fall  f — Ann.  Here-  tho  (U'CuIemtion  is  opposo)  to  tlie  originnl 
velocity,  aad  equation  (8)  bi^Mmos  502-5  =  201  -  16-U*   whence  (  =  6-24 

9.  What  N|M!ed  i»  a(»{uired  by  a  falUiig  boJy  if  it  xturt  fmm  n»t  w)d  bill 
I«10  fwt? 

Hero  V  U  unknown,  V  =  0  aiid  a  =  32"2,     By  eqaation  (2), 

«>-0  4{2x  38-2x1610), 
V  =322  feet  per  secoml, 

10.  If  (1  body  start  with  initial  velocity  V,  and  the  accelerfttion  be  a, 
what  will  be  tlip  upate  Iravcrwd  in  the  first:,  in  the  seeoiid,  in  thf  thinl,  in 
the  fourth  McundK  respectively  ;  auid  what  will  bv  the  m|ixcc  truversud  in  4 

3a       __      tta  la       „       ISa 
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Composition  of  onifonu  with  accelerated  motioiL 

particle  be  iitTecLod  with  Ijotli 
a  uniform  aad  an  accelerate'i 
motion,  and  if  these  be  in  tbo 
same  straight  line,  we  have 
simply  the  problem  dealt  with 
by  the  aid  of  the  last  thrco 
equations.  VVHien,  however, 
the  uniforro  and  the  ncceler- 
nted  velocities  are  not  along 
the  same  line,  Imt  are  in  direc- 
tions inclined  to  one  another, 
the  refliiltnnt  imist  be  found 
by  a  geometrical  or  an  alge- 
braical process  of  composition 
of  velocities.  If,  for  the  sakfi 
of  tixinj;!  our  ideas,  we  cinri- 
8ider  mich  a  motion  as  that  of 
a  projectile  fireil  hurizuntally 
from  a  guu  plactsd  on  a  lieight, 
we  aee  that  the  ball  is  affected 
with  two  simuttaiieous  motions, 
the  one  horizontal  and  uniform, 
the  other  vertically  downwards 
and  ancelerated.  Tf  we  con- 
sider tlie  positions  reached  by  such  a  tody  in  successive  e^tial 
intervals  of  time,  we  find  that  while  it  passes  forward,  by  reason 
of  its  horizontal  component,  over  spaces  varying  directly  as  the 
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time,  the  amount  of  its  vertical  drop  due  to  the  downward  acceler- 
ated coniponeat  13  proportional  (Equation  2,  where  V  ~  O)  to  the 
square  of  tlie  time  during  which  it  has  been  in  motion  ;  so  that 
if  we  sejmrately  &ud  its  various  positions  at  the  end  of  successive 
small  intervals  uf  time,  we  can  draw  a.  line  joining  thest*  positions, 
which  line  we  find  to  bo  a  curve  known  as  a  i'araUfla  {hi'^.  22). 
If,  again,  we  consider  that  the  one  movement  is  in  the  axis  of 
a:,  and  is  iinifonn,  so  that  at  the  end  of  time  t  the  horizontal  com- 
ponent miiLion  has  carried  the  hody  alon^  the  axis  of  x  a  distance 
x^vi;  while  the  vertical  fall  represenUi  the  distance  y  along  the 
ajtia  of  ;/  "^  which  the  body  is  situated  at  the  end  of  tlio  aamii 
time  t,  HO  that  according  to  equation  (2)  above,  .y  =  ^  ai^ ;  then 
we  find*  that  in  time  t  (whatever  this  time  be)  the  body  moves 
to  a  position  such  that  its  vertical  distance  y  from  the  starting 
point  bears  to  n^,  the  square  of  ita  liomuntal  distance  from  the 
starting  poiut,  a  constant  ratio,  or  m  symbols  kx?  =  y,  which  is 
recognised  as  "  the  Equation  to  "  a  I'arabola.  This  imiicatea  that 
in  order  to  preserve  the  fiiven  relation  between  the  values  of  x 
and  y,  the  patli  of  the  body  as  it  moves  from  point  to  point  must 
be  in  a  curve  known  as  a  parabola. 

It  in  staled  that  the  body  will  move  in  a  porabolk*  not  in  iKs  parabolic 
path  ;  Lbia  is  l)(-ctuM>  tbum  lm  an  ittilt^finiti-.  iiuiiibrr  uf  jinnibDlic  palbs  [iOB§ibk-, 
tbeK  being  aw  iiiriiiiUi  tiucrilwr  uf  jjArnbolii;  i-urv<*ji  (jtut  ii^  tlit^re  tiiii}'  be  an 
itifiiitf!  viirinl^  ill  llir  fcnTuii  c)r  u  JL't  i"f  wati.T  •■kjh-II^hI  from  a  firi?-imgiii-i"), 
wbicb  vi'j'i'iiibKi  wa<-ii  otbiT  ia  liavin;^  »oiiie  cuiii'tuiit  prn^inrtioii  ln^twin-n  tbv 
vnluvs  of  tbf  oni*  co-ordiaatw  and  of  the  square  of  the  otbur,  lint  which  differ 
m  iLi,'  uiuiiijrical  value  of  that  i-atio. 

Degrees  of  Freedom  of  a  Particle. —  If  a  particle  be  &«e  to  move  in 
any  direction  in  wpace,  it  \»  Mtid  to  have  tbn-c  "  dcgrevs  of  freetloiii,"  because 
it  may  move  iu  Iridiuiuuioiiol  sfiici: ;  it  inny  muve,  eg.  (1)  up  ur  down,  (2)  for- 
wopU  or  bjiukwimls,  or  (3)  to  Uic  right  ur  Itft ;  or  mum  (jcuLTuJly,  it  may  move 
in  the  ilirL-ction  of  any  of  tlio  tlirt-f  axes  arbitrarily  choaen  at  rifjht  auglcs  to 
one  aboth<^r,  by  reference  to  which  we  agree  to  specify  any  given  direction  in 
8pct«c,  nr  it  niay  move  in  any  otln-r  directifm,  Rjcition  in  whit^b  tuay  be  con- 
sidered as  the  rt^tiUant  of  ntnitilUnrifiuDi  itiotionx  in  Lbir  tbn-i-  ditvctiritiii 
aMunied  &.■•  t\Xf*  uf  n-firrciici.v  If  ibp  imrLirh-  !n^  n'rtrirlrd  t"  a  mitfaci*,  it 
cannot  muvv  in  a  <lin;i;ti<>n  at  n(;ht  iUi;;lL'e  Lu  that  surface,  and  i«  acconlini^ty 
•aid  lo  have  oao  dvgrae  of  freedom  lem  ;  it  has  now  two  degrees  of  freedom, 

*  Tlus  is  ao  instructivo  exainpl«  of  a  method  frequoatly  in  um.  On(;  rcnmdcration 
]«adt  nsto  tbouqiutioua:=:v{.'  aDDtherCa  the  equation  p  =  )ai':  the  ijuofition  is,  ft'bat 
lawgorsrns  the  relatioies  vf  x  and  y  I  Thy  Lwo  m[U«tioiis  are  cwubiiitJ  iu  aay  way 
■OM  torvprMent  zassomo  multiple  (orotlier  "funcuou")of  y,  and  olao,  if  poaaibi*, 

n  as  to  eUmiiiate  a  letter  cominon  to  both  eqiutioiia     Hon  tho  ralua  off  {  =~) 

derived  from  the  tint  eqiiaUon  may  bo  suliRtituted  for  ( in  ths  second,  thoa  makin); 

't  V  =  i«  (  — )  >  whence  j^  J- y  =  eotut. 
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it  mAjr  tnvcl  alonj;  tht;  surface  in  two  mun  axial  <liivctioiis  {<^.  (1)  for- 
OE  backward,  (3)  1o  tbc  riphl  or  left),  or  in  any  direction  derired  frmn 

ti<ni  or  these.     If  ll»o  particle  lie  restricted  In  two  aurracea,  on 

oH^feli  it  most  lie  at  tlic  uune  time,  it  can  Ue.  nowhere  l>ut  on  tlie  line 
in  whicli  tlieM  twi>  surfikceN  cut  oii«  another,  and  it  h»n  now  nnly  tlic  ntiu  de- 
grcB  of  frvt^duin  implied  in  Ihe  [>uwtilii]ity  oi  ninri[i(j  (Imcknaid  or  furwuxt) 
«lonR  this  line.  IT  tiio  partiflc  bt-  rwlrictod  to  tbri-o  lurtacee  which  cut  one 
aootbcr  in  a  p(>iiit,  the  (mrticle  vsmiot  Ii-ave  tlmt  point  witliout  leaviiif;;  one 
nr  otber  of  the  Eurlacee  ;  its  positiou  is  deHoitely  fixed,  mni  it  huA  no  degree 
of  froi^doui  to  move  in  any  direction. 

Translation. — If  tiiere  be  a  nyxtem  ofwparute  [Nirticlefl,  oil  of  which 
am  alliMtod  witii  L-(|ual  uiid  iiurallvl  vclucitio!,  eucb  i>aniclu  tvill  move  in  such 
A  way  w  lo  ifUiiii  its  ruUtivi;  )K>HttIun  witli  ri^Hurd  lo  lis  r(.>iluw-[>articic^  and 
thn  Byrtcm  will  move  as  a  whole,  iindor)>oing  no  dEfommtion,  jnst  as  a  com- 
pany of  Eoldicra,  all  tlic  c»natitiK-nt  unibiofwliiuh  march  in  the  aame  direction 
and  at  tho.  aaine  rate,  retains  iti;  formation.  If  a  fitmight  linn  bn  drawn  be- 
tween any  two  of  tlii'w;  (iiirliclca  wlicn  tlii;  »y"U-iii  i*  in  iti'  initial  [>o«itit>n,  it 
will  W  fuliTnl  that  tlii-  lino  timwn  bi-twemi  th«  same  pnrliL'k'tt  after  such  tiiove- 
loent  will  always  ivmain  parallfl  to  its  former  position,  and  will  be  tmaltered 
ia  len^tb.  Motion  in  which  every  such  line  remains  })aTa11i*l  to  all  its  pre- 
vioiui  petitions  in  called  Simple  Transliitinn.  Ifwe  study  the  inutiun  of 
»uch  a  sU-iiiKht  line  or  of  the  puilicleo  betwwn  which  it  lie*,  wii  shall  huvc 
ooniplct«  knowledge  of  thv  potiiliuu^  uf  ihe  variuiis  piirtivtus  of  ihv  »yHti-ui,  if 
that  systum  btt  rustriutvil  tu  a  phiuc  ttiirfaoi;.  If  ihu  evstvut  1m.-  nut  rL'^trictcd 
to  a  plaup  surfucc,  tlii:ti  it  h  poEsibk-  that  thuuj^h  one  line  and  all  Unus 
parallel  to  it  may  continuu  lo  U^  [larHlliil  to  their  former  positions,  the  whole 
Ajsteni  may  hnve  rotat«rI  nniml  <)Ik>  of  tin  .it;  line.-'  am  round  an  axis  ;  and 
hence  in  thi»  cam  It  i*  nocc»mry,  b<.-rorc  the  motion  of  the  system  can  he  said 
to  be  a  motion  of  einipic  tmnfllstion,  that  not  a  line  only,  but  any  plane 
through  the  »ysttini — r-r,  which  ainoiinla  to  the  sanii?  thin|{,  every  line  in  any 
»ui:b  plant. — should  n-I.iin  paralleliiiin  to  it*  initial  jmcitioB. 

Rig^id  Body. — Tliia  is  an  ideal,  not  pliysicalty  realisable.  A 
rigid  l>tnly  may  lie  regarrled  us  a  system  of"  jparticles  which  may 
move  as  a  whoJe  with  reference  to  surrounding  objecta,  but  in 
which  tliere  can  hii  no  displacement  of  its  particles  with  reference 
Lo  one  fluother. 

Centre  of  Fiifiiro. — There  is  ia  every  body  of  any  sbapo  whatsoever  a 
point  wcupyinij  a  poEilion  wUidi  may  Ue  iltiscribed  as  the  average  of  all  the 
respeclive  poeitiDQB  of  the  snveral  particles  of  the  body.  A  body  nu^peiided 
in  the  air  aumewhere  to  the  N.W.,  for  txiuitplu,  will  have  a  ]ioitit,  nitiiatod  in 
innsl  instaiiwii  witliiii  it,  uniting;  in  it«-1f  amtuittion  nt  an  avunigc  distance  lo 
\iui  JI.,  one  Ui  Um  W.,  and  one  upward*  from  the  point  chosen  as  tho  point 
of  or^n  ;  an<l  thiKis  the  Centre  of  Figure.  Not  only  with  respect  to  the 
planu  chosen  as  those  of  reference  is  this  point  the  centre  of  figure,  and  iIa 
distance  the  average  of  the  several  distances  of  all  the  parUcles,  but  it  lia» 
this  property  with  rid'eren<e  to  any  plane  wliHtnoevt^r. 

'Hie  centre  of  fij^mrw  tif  a  Hti-itij^lil  lint?  nr  linear  body  is  its  middle  point ; 
the  centre  of  figun?  of  ii  cJrtle  is  ilj<  ccntrv  ;  the  centre  of  figure  of  a  sphorv, 
of  an  eUi|»oid,  of  a  *phen<id,  is  e<|nully  ob>'iou9  ;  that  of  a  hollow  epherical 
tthelt  iit  tht;  centre  uf  the  correspunding  solid  sphere,  and  i:^  therefore  not 
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vritluo  tht  MbrtMC*  of  the  ^11 :  that  of  a  panlletogtaa  U  tbe  potot  u 
which  ifae  dugonali  ctom  odc  kaother.  Thai  of  mj  nguUr  plane  figure  U 
obuined  Ijy  diridiai;  it  inio  oumcroos  Lhia  stripe  and  bisarting  theee ;  by 
jfnsiDK  the  pcMut  uf  hiaectiun  a  line  is  drawn  in  which  the  oeotre  of  Ggore 
miM  lie.  Hwae  two  linw  will  crosd  o&e  another  in  some  point,  and  the 
point  whCT«  they  do  eo  is  the  onlj  point  which  liea  in  both  the  Iin«a,  and  it 
the  eentn  of  fiKOre.  Thia  hoUe  good  only  when  the  lines  thns  oontaininf* 
the  centre  of  fignre  are  strught ;  if  tii^y  be  not  M  the  oonxtmction  fails,  and 
we  may  moilifr  one  of  tbe  cxpcriniCDtal  methoda  described  under  the  Centre 
<^  Gravity,  fortber  on. 

The  impottaDce  of  the  Centre  of  Figure  liea  in  thia  :  that  if  a  rigid  body 
be  euliject  to  tranalation  withoat  rotatim,  the  modon  of  the  body  may  be 
quite  effectively  itudied  by  contidering  the  movemedt  of  the  centre  of  ligare, 
and,  oo  the  other  hand,  if  ■  ri^id  body  be  mibject  to  aci'iilrntion*  whow  nBanlt- , 
ant  paaNK  throuf^  the  centn:  of  figure,  tlie  wliole  rigid  1>ody  will  jaiticipate 
in  the  morement  of  its  centr?,  ami  there  will  be  Irarulatum:  while  if  the 
reanltant  of  panllel  •ocdentions  do  not  poa  thnogh  tbe  ceatie,  there  will 
be  niatitm. 

Rotation  takes  plaee  when  a  straight  line  drawn  through  a  moTbf* 

body  or  fyttfin  of  particIcA  do*'*  not  can- 
tinuc  to  bo  pMrallel  to  its  prcrioua  diree- 
tjons  in  space.  Let  na  stippoee  the  moving ' 
eystem  to  be  restncted  to  a  plane  surface. 
Then  a  determinate  line  AB,  arbitrarily 
c)u«e»  in  the  body,  may  movi*  no  that  iln 
ultimnt.;  poaiti.in  is  A'B'  (Pin.  23).  Ob- 
Tionaly  the  line  AB,  and  with  it  tbe  sx-stem,  has  rotated  round  the  point  O. 
Again,  the  relative  podtioua  of  the  same  line  way  be  Alt  and  A'B'  in  Fij;.  24. 

In  thiH  ca^e  a  point  O  niay  be  found,* 

round  which  thv  line  AB  haa  rotated 

g'  BO  as  to  aojuirc  it^  new  [Kwition  A'B'. 

*■--  -^      If  lliB  lines  AR  and  A'B*  be  verv 
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nearly  paralli;!  to  one  another,  con- 
structinn  will  ithow  that  the  point  0 
is  at  n  great  distance.  When  the 
linpi)  AB  and  A'B"  arc  perfectly 
pamllcl,  thi<  point  O  is  at  an  inde- 
finitely great,  an  infinite  distance. 
Thus  we  aee  that  thongli  it  is  i-on- 
^,  -  '  •-  /  venient  to  rej^ord  trumilaUou  and  rota- 

..^I '  tioD  a«  distinct  forms  of  motion,  yet 

translatiuu  may  Lo  c^jiisidered  an  a 
limiUu(^  cose  of  mUilion  cfTcctcd  round  an  infinitely  distant  centre. 

Any  tranalatiuu  uf  AB  inlu  [liu  panJIel  [lUEition  A'B'  may  lie  romlvf^ 
into  n  Hucceasiou  uf  rotAtiuns  fmt  round  one  extremity  an  A,  then  to  an  ecjiin] 
extent  hut  in  an  opposite  direction  rmind  B  :  tht»  in  easily  veriAed  by  con- 
Btmction.     If  tbe  line  AB  cannot  be  broURht  into  coincidence  with  the  line 


*  Join  AA' ;  blsertAA'in  L;  drawLOat  rJRhl  iuirIk  to  AA'.  Joiu  BB';  bisect 
BIf  in  M  ;  draw  MO  at  right  ariglimi  to  BB'.  1X>  uid  MO  wrill  intvTWot  in  0  i  O  ia 
tbe  point  nHiuircd.  Juiti  OA,  U.V,  OB,  Olf  ;  the  triuiKkii  OAB  and  DA'S'  are  «qua] 
in  every  rMpeet 
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A'B'  1^  A  ninglo  pair  of  Hich  rotations,  a  Hufficient  number  of  pain  of 
nitatiflii«  will  ceriniiily  effect  thi-i. 

Oompoaltion  of  Rotations. — If  bjr  reamn  of  a  rot»taoa  round  tho 
point  O,  the  line  AB  be  broiigLt  into  the  position  A'B' ;  if  it  be  then  rotated 
TOOXiiJ  the  point  0'  so  as  to  ouume  the  iiu«itiou  A'B"  :  the  two  rotations  can 
be  oompouodet]  into  one  rotinil  a  point  0',  which  is  found  dircutlj*  by  coni- 
pAring  the  initial  and  fnial  posittuni  AB  and  A'B",  without  rcf^-ruDCfi  to  the 
inteniiediate  poaition  A'B'. 

If  a  loKd  body,  of  which  one  point  is  fixed,  move  in  any  way  whal«o- 
erer,  the  r«n1t  ia  tho  name  iia  if  it  haii  revolrnd  roimil  Bcnnrt  ilefinite  axis 
pMfting  thron^h  that  point  Any  movement  nndtr  this  cnndition  is  equiva- 
Uot  to  a  sin^tc  rotation. 

If  ft  bnrly  bfi  tiibj&^t  to  Iwo  or  threu  BimnltanKOUs  rotations  ronnd  axes 
which  intct  in  a  fixed  point,  the  rcsultnnt  movement  n  rotation  round  a 
ainglc  ftsia,  which  is  fonnd  by  a  con-nt ruction  precisely  the  same  us  that  of  the 
paia11>eli>„'rain  or  the  punkliclipipc-dou  of  vulocitlus :  tlw  (ides  of  the  fi^^nre 
represent  iu  diroctiou  the:  nxi's  ruuud  which  tlic  lutattuns  occur,  and  in  length 
thu  atBOLint  of  aujjulai-  v(;locity  ;*  the  cltu^'^nul  obtaJnud  represents  in  th« 
mmo  way  tbu  axis  and  the  aui^ular  velocity  of  the  resultant  rotutioo. 

The  moftt  iudcturniitiate  motion  of  a  rijiid  body  may  itlivaya  be  resolved 
into  tht)  same  motion  as  that  of  a  screw  in  its  nut,  namely,  a  Rotation  aud 
a  Translation.  As  tlie  body  continucfl  to  move,  the  axis  of  the  imaginary 
Hcrew  may  change  ita  direction  in  spdcd  ;  but  when  con*idered  at  and  for  the 
«paoc  of  any  piirticntar  %'fry  small  instant,  it  may  be  rtgardcA  m  fixci],  and  ia 
then  called  the  Tnstuntant^oua  Axis.  As  limiting  case*,  the  truntlation 
qujbo,  when  thcro  is  Simple  Itotabion  ;  or  the  angnlar  velocity  of  rotation 
may  =  a,  in  whii:li  qwi^  wn  would  liavi-  Sinipiv  Tmnitliitimi.  Tiie  ultimate 
j>osition  attutited  niiiy  Ji1way«  be  reochoct  by  means  of  a  ein^le  trannlation  and 
u  siiiKlu  rotation  roiiiul  «ome  axis. 

Degrees  of  Freedom  of  a  Rigid  Body.  — Wien  a  risid  body  is 
absolutely  free  to  move  in  any  direction  in  apace,  it  is  said  to  have  nix 
degrees  of  Greedom.  These  are  (I)  throe  dcgre<.-8  of  fitedora  of  translation, 
like  thnw  of  a  simple  particle  ;  aiid  (2)  llirte  deK'"*'*'*  "f  freedom  of  rotation 
round  three  axiui  urbltrarily  chosen  at  ri^lit  anj^k-s  to  one  unuthcr.  Any  such 
body  may  move,  for  example,  (1)  upwards  or  downwards,  (2)  to  the  N.  or  S., 


*  When  a  boiLy  mot-m  in  h  tircuUr  psth,  its  velocity  in  that  path  may  be  niMisDred 
by  the  leuj^h  of  the  jMth  UitverBiHl  Oividcil  by  the  time,  m  usual ;  or  it  may,  in  many 
rt«poc[s,  more  rouTcnicntly  be  cxprcaaed  in  terms  of  angrular  velocity.  Hon  the 
path  is  mcasurM,  not  directly  iti  tnrms  of  its  own  kngtb,  but  with  raferencG  to  the 
aoglo  which  it  subtends  and  to  the  length  of  the  ladliu.  The  unit  angle  is  that 
■Uglu  (67°"29G78  =  57'n'Ml"8  nearly)  wbich  ijf  subtended  by  u.  jMUt  of  the  circnui- 
(crcnco  e(|tial  in  tfingth  to  the  radidii,  Herii^e  tb«  oirciimfprenca  =  360*  =  ^w  x  unit 
an^le,  r  Iwing  equal  to  !t'141S.  Unit  nngiiliir  vrlnrity  tji  that  under  which  a  iiarticle 
travelling  in  a  (rirmio  whose  radius  =  1  would  itaelf  dentribo  u  [>alh  =  1  ;  that  is,  unit 
ongnUr  rclodty  is  thnt  of  a  rotating  ):>ody  whil^h  traverses  tho  unit  atiglc  in  unit  of 
tinu.  If  the  rodiun  he  r  and  the  angk  trnvenied  bo  S,  the  port  of  tho  cirtuTufi>retiice 
puMd  over  is  rtf,  and  if  this  be  accomplishod  in  time  t,  the  velocity  o(  a  p&rticU  on 

the  elrcumfercncc  ia  —  ;  that  of  a  partiolo  nearer  or  further  from  tho  centre  is  propor- 

tinaatoly  lea*  or  grvatvr ;  while  the  augulu  veloetty  of  all  the  particles  of  a  routing 

wheel  is  the  same,  nsmely,  7  ■ 
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(3)  to  the  E.  or  W.,  or  it  nuy  rotate  round  (4)  a  rertical  axis,  (6)  an  axis 
lying  N.  anil  H.,  nr  ((J]  nii  nxU  lying  B.  antl  W.  Any  rotation  not  round 
thttenxtx,  oriuij-  UJiiiKlntion  nwt  in  tin-  tiin^'cti«ri  i>f  tlie»e  iute«,niay  btirraolved 
into  it*  com  [lime  nt",  rountJ  or  iKtrnllfl  ti>  tiii-ni ;  iiml  ii*  any  cljitn^  of  [Msnticili  j 
wlinteoevtr  may  1«j  produced  by  a  *iaule  tntruJatign  nud  a.  bIiikIb  rotatii 
any  motjon  whatsgever  may  be  effcctoil  by  a  body  which  has  these  ni 
degrees  of  frecdoni. 

If  one  point  in  a  ri^iil  body  be  lixed,  there  ran  be  no  traoEUtion,  and 
three  degrees  of  frvcdum  itre  tlitis  loet ;  iIr-  body  has,  however,  unlimited 
frvoduiii  of  tutXLtion  round  uiiy  axiit  ptuwiii^  thruui^ti  tliv  fixed  jHiiut,  and  thus 
ntaina  three  degrees  of  freedom.  If  a  Hue  in  \hc  body  bo  fixtd  io  po^lioOf 
there  can  be  no  tmtiHlation,  and  there  i.-un  bo  no  rotation  exL-ept  round  this 
fixed  line,  and  m  there  can  lie  only  onp  degree  of  free^ioni,  which  correepondB 
to  that  rotfttion.  If  .i  furfare  (or,  whirJi  nmonnia  to  the  aiine  Ihinp,  if  thrpe 
()oint«}  in  llic  tiody  he  fixed  in  pMitiou,  there  cad  he  neither  iriuifllatioD  not 
rotation,  and  the  ri^id  hwiy  has  no  fr^etloni. 

If  a  i>oint  in  tlio  "body  1>c  ie«tricted  to  uiotioci  alonf;  s  s'*'*en  line,  tber« 
can  only  Iw  one  tranKlation,  hut  there  may  be  any  rotation,  and  to  the  rigid 
body  has  four  degrees  of  I'rtvdom.  Wli«a  a  given  line  in  the  body  must 
coincide  with  soLie  part  of  n  line  u^tigiied  Ju  vpiice,  thire  am  be  only  one 
translation — that  aloii^i  the  line  lutii.'ueil,  and  one  ruUitiou — that  tvund  the 
Hue  ;  and  heru  wc  find  ihe  ri|L,'id  body  to  have  two  degrees  of  freoduUL  If  a 
[Hjiut  in  the  body  he  rtatriclcd  to  a  nivun  Huriace,  the  only  luotiun  which  is 
itupoMibk  i»  tninslaliun  in  a  directinQ  at  ri^ht  anf^les  to  Uie  surface,  and 
hence  the  bwly  han  in  tliie  ctifle  five  degrees  of  freedom.  If  a  line  in  the 
body  he  re-stricted  to  a  given  {'uifacp,  one  translation  is  impowible,  na  in  the 
previoujt  instance,  and  then.-  are  two  rotations  possible,  the  one  round  ibe 
line  which  is  restricted  to  the  surfuce,  and  tlii:  other  round  an  axis  at  right 
angles  to  the  surface :  in  this  esse  tiicre  are  accordingly  four  degrees  of 
freedom.  ]f  ibrf*  jHiiuts  iu  a  boily  he  rtsbiuted  to  a  surface,  there  caa  l« 
rotation  round  au  u\ii>  ni  ri);ht  angles  lo  thi;  Kurfitcc,  and  tlit^re  can  be  Imne- 
lation  in  any  direclion  uhmg  the  aurfnce  hut  not  away  from  it,  »o  that  in  tills 
case  we  have  three  degrees  of  freedom. 

Strain.- — WUeu  a  body  is  not  rigid,  Ha  i>m-ticlt;8  uiay  so  movo 
witli  ivfureuco  to  out;  aiiuLlier  tliut  their  displu cement  produces 
ileftiriiiation,  and  such  relative  motion  of  thu  particles  of  wliich  a 
body  is  made  uji  is  called  a  .Strain  of  the  body. 

Suppose  a  circular  phit«  Ui  he  ex]umded  uniformly,  lu  a  dii^c  of  iron  is 
whca  heated;  the  radius  will  enlarge  in  the  ratio  of  (lay)  1  to  n;  the  area  of 
the  plate  increMcs  in  the  ratio  I  :a-.  The  linear  exponston  it,  the  dilferenc* 
■between  the  initial  and  the  final  length  of  the  radius,  »'.«.,  r  («  -  I)  where  r  is 
the  original  radin^  and  is  hence  proportional  to  (a  -  I).  If  the  body  have 
contracted,  a  i»  1km  tlian  1,  and  u  -  1  i»  npgatire  ;  liencr  the  linear  ex- 
pansion  i.1  m-gative.     Tlie  snperlicial  vxpimj'iiiTi    in   the  tlifference  between 

t  TT  ^1       irr^ 

the  areaa  before  and  after  the  strain,  ««.  !  -  (arf  ~  v  ^  ?  —  -j-  («'  -  i) ;  • 

'  w-S-UlfiO-itUcKlnlionof  the circninfcrenco  of  ■  circle  to  jta diameter.    Tlit 
area  ofa  circle  =  7854  »(r»d.'=  -  r". 
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lienci!    Ute    wiperiicial    cxpnn<(inii    in    proportional    to    (a^  —  1}.        A    Hqnara 

nmilatljr  af!ecle<l  has  its  sides  and  area  iii^r«aaed  or  diminiahcd  in  the  samu 

tlBitios:  BO  would  a  parallclngram  or  any  other  plane  figure,  if  the  liDcor  ex- 

[puiBicin  ner«  tlie  mtioe  in  all  (Iirc(.'tit>Q«.     Again,  Htippotrij  a  globular  body  to 

.  'be  ihti»  uiiifunuly  vxpimdrd,  it  iuvrvotcs  iit  iiixe  and  I'tL-umus  a  lanfur  gloUi : 

if  its  rati im  iiiurcoM.-  in  the  mtiu  1  :a,it«  bulk  will  incrcnsc  in   tlio  ratio 

1  :  a*,  and  it*  i:iiliiml  expAOEion  will  he   proportionnl  to  a*"  -  1.     A  cube,  a 

pomllelipipedon,  or  any  tithcr  solid  figure,  wiuild  under  the  aatnfi  tirciini- 

stann^a  heiaomn  a  largpr  or  Mitidlor  ciiVie,  parallelipipedon,  pto.,  whftso  nidf  r  and 

biille  wnuU  bear  a  similAr  ratio  to  thc-iT  original  dinwnnion.". 

SitppoM  ft  winarc  to  be  uiii:-qi)Al1y  dilnK'd  or  contracti^d  alon^j  nxc-a  parallel 

to  its  sidtrs,  tli(!   square-   will   bt-cotuu  a  parulk-lo^^ium.      If  a  circle,  it  will 

become  aa  ellipse  ;  if  an  ellipse,  it  will  become  an  Dllipiw  of  another  form. 

As  a  circle  is  au  ellipse  of  a  pnrticidiu*  form  wbo»e  Ungth  (its  nu^or  axis)  iti 

equal  to  its  liivdulll)  (itx  niiiioi-  axU),  any  ellipae  may  bo  rutivi^ted  by  a  ilmin 

Lintu  a  circle,  if  its  axes  be  in  due  propurtiuu  lengthened  or  »hiii-t«»ed.     If  tbu 

jcipansiuna  alou^  tlie  two  rucLiin;.'iilar  iLXut  \h:  iu  the  rutio«  1  :a  luid  1  :  fi,  tht* 

Isiea  of  the  ruaultant  piiralli.'lo;;rani,  elUpsu-,  or  circle,  will   be  to  that  of  Uie 

original  figure  in  the  ratio  aS  :  1. 

If  the  body  be  a  cube  and  be  utieqnnlly  lexpfuided  in  directions  paralhd 
to  its  BJdffi,  it  liocoiiiea  an  tiin'i[ii.il- sided  pantllelipipedon.  If  thp  iwvend 
linear  cxpnn«ion>t  be  I  :  n,  I  :  S,  and  I  :  y,  the  Imlk  of  thi;  paniUelipipcdon 
■will  incnaw;  in  the  ratio  1  :  affy.  A  "plicrL-  tuniined  in  llip  Mine  w<iy  will 
become  an  ellipsoid,  a  so-called  "  stmin-cUipeoid  "  :  any  ellipnoid  will  become 
an  ellipsoid  of  a  different  form,  and  may  become  that  portiunUr  kind  of 
ellipsoid  known  as  a  sphere,  an  ellipooid  whose  three  axes  arc  cq^ual  to 
one  ao other. 

It  will  bo  seen  on  ilTBwiiiK  any  of  the  figures  jurt  dumxibcd  tliiit  any  two 
parallel  lines  drawn  through  the  hotly  in  lis  oriKinal  form  will  be  parallel 
after  the  strain.  In  thig  kind  of  etroin,  called  Uomogencouo  Strain, 
there  are  always  threu  axea.  which  were  at  right  angles  to  one  another  in  the 
lOrigioal  pihiitiua  of  the  body,  und  continuti  t')  be  ao  after  the  Ktroin.  These 
the  axes  uf  the  Htruin-elUp^oid  into  which  an  iuiogiuary  sphere  cxi«4lug  in 
the  body  would  ho  traiufonniKl  by  llie  i^Lmin. 

Shear. — -Tf  a  hmly  be  so  ilistortod  that  one  plaiiR  passing 
through  it  i.s  fixeii  while  otliore  move  jmat  tliis  at  rates  propor- 
tional if)  their  distances  from  it;  if,  for  example,  the  body  ABCD 
(Fig.  25)  be  so  distorted  that  CD  remains  in  ita  original  position, 


while  the  Hoe  AB  travels  into  tlie  position  AB',  the  body  is 
being  sheaved,  or  is  tudurgoiug  the  kind  of  deformation  or  strain 
known  as  a  Shear. 
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Tile  i^ivstpr  Dm  ilulanct;  of  iiiiy  jilnnu  tii  t)u-  body  froiij  Uie  plAOc  puunf; 

throagb  CD,  tlie  greater  will  ba  its  difl|>btc«n)oiit  from  iU  original  pooitioD  ; 

aad,  a  body  bo  sheared  vre  may  conceive  as  mnde  up  of  an  indefinite  auniber 

of  indiifiaitely   thin    tayen  which    relatively   move    by   slipping   over   una 

uaoLher.     A  iheur  in  iDufumred  hy  the  umguiit  of  relativu  motion  bctnwal 

two  uoii-<listurlL<<l  ])]uiicj<  which  iilu  t<itiiaU:d  ut  u  iiiiil   diittuiiL-L-   from   one 

imfither,,  and  wliitli  iviiiiiin  paralkl.      In  Fi^.  25  tin-  aniuunt  of  the  nhear  of 

AEOD  iff  the  ratio  of  the  diF])1at:^mt;nt  AA'  in-  PP'  to  PC,  the  ahorleflt  pruuible.i 

line  drnwn  hetn'^en  the  two  pnmllel  plaiies  AB  and  CD,  and  veitical  to  them 

PF 
both  ;  thftt  )^  it  is  equal  to  J—  =  tan  PCF  if  PC=  1,  or  tn  PC  x  Ian  PGP' 

if  PC  liavK  any  olhmr  valatt. 

Oiroular  Motion.— If  a  Ixxly  niovB  in  a  cirniilar  palli,  as,  for  example, 

a  stone  whirled  in  a  aling,  its  motion  at  every  inatant  is  cnmponnded  of  a 
tangential  motion  and  n  motion  townnia  the  ci-ntre.  If  it  ])aa.t  tlie  point  A 
in  Fip.  £ti  with  Mich  a  velocity  thnt  it  would  in  a  unit  of  time,  if  not  drawn 
^  towaiwin  till'  wiitri',  have  machcd    the  point  C,  and 

if  it  be  at  tin-  end  of  thiit  interval  found  at  the 
point  L>,  it  iii  evident  that  the  acceleration  toward* 
the  centre  must  hare  produced  in  unit  of  time  tlis 
cliangu  of  position  representtHl  by  the  line  CD.  In 
"ther  wonJ«  the  wliiiliiig  frling-Ktoiiu  is  consUuilly 
Ixiing  drnwu  in  from  the  lau<^viiLia1  path,  which,  in 
virtuu  of  itx  inertia,  it  would  at  crtiry  inatant 
naturally  take :  and  a  planet  in  ita  orbit  \n  cwn- 
stKEitly  falling  lowanb  the  sun,  but  doc<(  not  pro- 
ceed Hrai^ht  tnwnrds  it,  for  the  rtjiultant  of  ita 
''taagentinl  and  it«  c«ntri[n:-tal  motions  it  an  elliptical  path  whidi  ia  approxi> 
matel;  circular. 

if  thf  line  CD  be  prolonged  through  the  centrn  to  the  jxiint  K,  Kticl, 
ill.  30  ahowB  that  CDCK  =  A(3^.  If  v  repreaeiit  the  velocity  of  tliu  botly 
in  the  direction  AC,  t\  the  aviTragi;  velocity  in  the  direction  CD,  and  r  the 
radius  of  tlic  circle:,  we  thuii  fine) 
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If  the  unit  of  time  taken  be  sufficiently  aumll,  the  square  of  the  small 
quantity  v,  will  be  m  email  as  to  be  negligible,  and  the  e-qualion  {!)  will 

iv/  =  I''.       (2.) 

But  V,  is  tlic  aveJ]^^  velocity  of  fall  from  t}i«  direction  AC  dtiring  the 
instant  in  question,  and  hence  the  velocity  at  the  end  of  the  interval  ia  fir  ; 
thia  is  the  velocity  acquired  in  unit  of  time,  and  hence  the  acceleration 
tawar<lH  the  centre  is  a  >=  Sv,.     Uence  the  oiuation  (S)  may  be  written 

OF  =  r*  or  (1  =  —  ;  the  Acevleration  tuwarda  the  centre  of  the  etrcular  path  in 

which  a  body  is  moving  ia  nnmerically  erjual  to  the  Sf|UiiTe  of  ita  Velocity  at 
any  instant  diFidod  by  itii  RadiUB  of  curvalurf.  If  a  body  be  travelling  in 
any  other  curve,  there  can  at  ev.-riy  inttant  bo  found  a  circle  a  part  of  tlie 
circumference  of  which  coincide*  to  an  indefinite  approximation  witli  thv 
curve  at  the  instant 


T.l 


CUBVATUEK 


73 


Oarvstore. — Any  curve  maj  be  considered  as  made  up  of  succesuve 
elements,  each  of  whicli  approzimatelj  coincides  with  a  part  of  the  circum- 

Fll.17. 


fereace  of  a  particular  "  osoulatliig  "  olrole,  which  may  always  be  found. 
For  each  element  of  the  corre,  the  radius  of  the  corresponding  osculating 
circle — whose  circumference  coincides  with  that  element,  and  which  would 
have  the  same  tangent — is  called  the  instantaneous  radius  of  ourvature  ; 
and  as  the  curve  passes  from  point  to  point  the  osculating  circle  may  be 
changed  in  respect  of  its  radius  or  its  centre.     Thus  in  an  ellipse,  near  the 


extremity  of  the  major  axis,  the  osculating  circle  of  curvature  is  smaller  than 
it  is  near  Oie  end  of  the  minor  axis,  as  is  shown  in  Fig.  S7.     Accordingly, 
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if  ft  body  move  ia  a  cnrred  path,  iu  ucelcmUaii  ut  every  imtant  towards  th« 

inrtantaneoua  cenire  of  curvattin:  is  noinerieaUy  etitiul  tu  ibc  iquare  vl  the 

inrtonlonKuus  tuiguutial  vulucity  diviiJeU  hy  ilic  iub-UuUun^uua  ratlins  of 

CHj-viUua',  p. 

But  iu  It  curve,  the  Curvature  In  the  antjle  through  which  tko  Laun^-nt 

aveepA  rournl  per  unit  of  length  of  the  curve,  and  thia  va.r!<'s  inverpely  us  llie 

nidiUR,  an  may  lie  hppji  on  mmpariri^  the  circle*  in  Fig.  UH.     Tlie  rftrfiiifl  of  I 

«  tvnet}  that  nf  II  :  the  lengUi  AA'  —  Cc'  i»  gujipOActl  to  be  a  unit.  r.f  Itiigth. 

In  t  the  biii^nt  AB  ban  swept  round  into  the  position  A'B'  tliroti^ti  uii 

angle  0:  the  tan^nt  CD  hoB  swept  through  twice  aa  great  ait  angle,  the 

Ungth  of  circulai-  path  traversed  biing  liie  some  :  wherefore  [lie  curvature 

(an  above  defined)  of  the  circle  II  in  t-nice  that  of  the  circle  I,  nnU.  that  of  any 

circle  ia  inv^nely  an  Die  rAdiim  :  and  xinti-  curvutura  and  accfjemlioii  toward* 

the  iiutantiuicoiiiK  wnlrti  lintb  vary  invcnwly  :w  ihu  rndiujf,  tht-y  xtv  iiropwr- 

tional  to  on«  another,  nniL  thirreforc  thi'  nuvleratton  of  a  Inxly  moving  in  a 

curved  ]iatli  la  directed  townrdfi  tlie  ijiatati  tan  conn  centni  of  curvuluro,  and  is 

eijiiAl  to  the  product  of  tb«  m^uare  of  the  in^tantatienua  velocity  into  the 

lA"     1 
curvature,     a  -  —  ;  -  =c;  .'.  a  =  v^c,  wliew  c  is  the  curvature.     Hente  n 

comet  turning  sliiitply  round  the  luo,  the  curvuturo  of  il«  path  being  very 
great,  buH  a  wry  ^rcat  Hecvlurutiun  inwards. 


Simple  Harmonic  Motio.s  and  WAVE-MciTroN. 

Motion  in  a  circle  may  he  practica3Iy  effected  iiy  a  heavy 
ball  suHpcnttwl  hy  a  string,  aritl  set  to  swiiij,'  in  a  circular  patli. 
A  pioinlulniii  8cL  ta  swing  iii  this  way  goes  by  tlie  name  of  the 
"Conical  Pendiiliim."  If  the  path  of  the  boh  of  the  so-called 
conical  pendulum  he  looked  at  from  above,  it  appears  circular : 
if  looked  at  from  a  point  somewhat  to  one  side,  it  appears 
elliptical :  as  the  eye  approaches  the  level  of  the  plane  in  which 
the  bob  travels,  its  path  appears  to  be  an  ellipse  comparatively 
long  and  narrow  ;  and  as  the  eye  is  placed  exactly  on  a  level 
witli  that  plane,  the  bob  appears  to  travel  buckwards  and  forwards 
in  u  straight  line.  Iu  a  similar  way,  the  satellites  of  Jupiter, 
which  travel  round  that  plmifit  pretty  nearly  in  the  plane  of  the 
Ecliptic,*  and  therefore  astronomically  on  a  level  with  ourselves, 
seem  to  travel  buckwnrds  and  forwards  in  lines  nearly  straight. 
The  hob  uf  the  conical  pendiihun  ami  llie  satellites  of  Jupiter 
appear  to  move  very  slowly  at  the  end  of  their  apparently  linear 
courses.  Tliis  is  because  the  moving  body  is  really  travelling 
either  towards  the  eye  of  the  ohscn'cr  or  away  from  it  at  the  time 

•  Th*  bodies  whii:h  make  up  the  solar  system  may  bo  sail]  in  a  roug^h  way  to  be 
■ituated  in  a  piano  fixei\  in  gpacc,  and  called  tlic  Sclijitic,  ttvoi  wbiih  thvy  do  not 
v«ry  widely  depart  Objin;!:!)  ujoving  in  tbi.>lr  reiip^tivo  orbits  in  tbls  )ilauo  niuy 
appear  to  pan  and  obscure — i.r.  ecUpao — ons  another,  Uke  to  imtny  ihiin  at  w*. 
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when  it  appears  to  be  at  the  end  of  it9  swing.  When  it  is  travel- 
ling right  across  the  field  of  view,  when  it  ia  in  the  middle  of  its 
apparently  linear  path,  it  seems  to  travel  rapidly.  Just  in  the 
same  way  a  railway  train  st;t;iu8  to  lie  moving  very  much  faster 
when  it  runs  ri^hl  across  the  lield  of  view  than  when  it  is  comijig 
or  going  round  a  curve,  and  is  seen  not  broadt>idt;  but  end-on. 

If  we  represent  the  circle  in  which  the  body  is  moving  by 
the  circle  QAR,  and  its  apparent  linear  path  by  the  line  QR,  and 
if  we  repreaent  a  cortnin  num- 
ber of  positions  of  the.  body  in 
the  circle  by  the  points  A,  B, 
C,  D,  etc.,  we  may  define  tlie 
apparent  motion  of  the  body  in 
the  straight  line  QR  by  finding 
the  points  a,  h,  c,  «tc.,  to  which 
the  respective  poeiLions  of  tlie 
body  ia  the  Circle  of  Kefer- 
ence  correspontL  This  is  done 
by  drawing  lines  A«,  B6.  et^,, 
at  right  angles  Co  the  line  QR. 
It  will  bo  easily  seen  that  if  QA, 
AK.  liC,  Co.  etc,  be  e<|ual  to  one  another,  the  corresponding  lines 
drawn  along  QR  are  longer  near  the  tjcntre  of  that  lino  than  near 
its  ends ;  and  these  represent  the  spaces  apparently  traversed  in 
eqnal  intervals  of  time. 

A  rcprcHMitatioii  of  the  rclativo  valui-A  of  tliMc  lim-s  Qu,  ah,  cLc.,  is 
obtained  as  fotlowa  If  the  linn  QK  Iit>  taken  nil  the  taw  of  X,  a  linG  OA, 
Jaining  the  centre  0  and  the  corresponding  pomcion  A  of  the  particle,  majr  be 
BBppoeed  to  nweep  mund  into  the  afticcewiive  prLsitionit  OB,  Oo,  OC,  etc.  A«  it 
tlocii  ao  it  forum  an  iiicr«a«itif;  AU({le  with  tht*  lino  OQ.  Th«ii  tli«  l«r)|;tha  of 
tlu-  linu  On,  Ob,  Qc,  ptc,,  t)«ar  to  one  another  the  ration  of  the  tosinet  of  tlie 
iingl«  gOA,  QOB,  etc 

These  .ini^leg  will,  if  the  coriwpondiog  motion  la  lL«  circle  of  referenco 
be  aniforin,  rk-peml  directly  on  the  time.  If  the  angle  swupt  thruugh  iu  unit 
of  time  be  0,  thjil  i^Hupt  through  in  tLiuu  t  in  t& :  heuLT,  if  tlic  i>tai'tirit!-]i>iut 
ill  tiuic  \fc  ihiit  iiiEtiLut  ut  which  tliu  body  is  at  thu  point  Q.  the  upparent 
dislanuc  of  the  body  from  the  jioini  0  will  be  proportional  to  coa  tO,  and,  if  a 
ho  the  ndtUB,  will  be  equal  to  a  coa  l6.  Hence  x  =  acostff.  When  iti  =  o, 
einca  cos  0*  =  1,  x  =  o :  when  tff  =  90%  since  cos  90°  —  I),  i  =  o :  when 
l8  s=  160°,Bini;e  cob  180°  -  -  ],x  =  -a:  when  l8  =  270", «  =  e  :  when 
tff  t^  360*  =  2  ir,z  =  a.  As  the  radius  continues  to  sweep  round,  the  valact 
of  X  TcpeAt  thcnMclvea. 

Such  a  niotioD   as   that  executed   Inckwards  aud   forwards 
along  tlie  line  QR  is  called  Simple  Harmonic  Motion  or  S.H.M. 


76 


KIXEHATICB. 


[OHAP. 


Such  motion  requiriis  to  be  studied  with  great  care,  fur  actual 
instances  of  it  occur  tlirou^'hoiit  the  phenomena  or  Optica  and 
Acoustics,  and  of  many  other  parts  of  physics. 

Thi!  length  OQ  nr  OK  of  the  swing  from  the  median  position 
0  is  called  th^  Amplitude,  a,  of  the  S.H,M.  Simple  Harmonic 
motion,  then,  is  motion  which  is  a  periodic*  function  of  the  time 
(it.,  repeats  itaelf  at  regular  iutervals),  wliich  is  effected  backwards 
and  forwards  along  a  line,  and  which  may  be  studied  by  com- 
parison with  umform  motion  round  a  circle  of  reference,  of  which 
the  line  of  S.H.M.  ijs  the  di]«neler,  and  uf  which  accordingly  the 
amplitude  of  H.Ii.M.  measures  the  radius. 

The  Period  of  a  S.H.M.  is  the  interval  of  time  which  elapses 
between  the  passage  of  the  moving  particle  over  a  ceitain  point 
and  the  next  passage  of  the  same  particle  over  the  same  point  in 
the  same  direction.  This  corresponds  to  the  time  during  which 
one  complete  revolution  would  be  effected  round  tlie  circle  of 
referent'^ 

It  is  understood  that  wben  the  moving  body  appears  to  travel 
from  left  to  right,  it^  motion  is  positive ;  when  it  moves  from 
right  to  left  its  motion  is  in  the  negative  direction.  When  the 
particle  is  at  Q  iu  Fig.  29,  it  is  said  to  be  in  its  position  of 
greatest  positive  elongation:  when  at  K  it  ts  in  its  position 
of  greatest  negative  elongation. 

At  any  instant  the  position  of  the  particle  eKecuting  the 
S.H.  Motinn  may  he  stated  in  tiinns  of  the  Phase  of  tlie  H.H.M. 
at  that  instant, — the  Phase  being  the  interval  of  time,  the  fraction 
of  a  jieriod,  which  has  elapsed  8in<M!  tliB  particle  last  passed 
through  O,  the  middle  poiiit  of  its  cuurse,  in  the  direction 
reckoned  as  positiva 

If  the  BUrting-point  in  time  be  not  the  instant  at  which  the  particle  wu 
at  the  point  Q  in  the  circle  of  reference  (Fig.  89),  but  so  Dimiy  units  of  time 
after  that  instant  tbat  the  angle  tniverBwl  is  not  iO  but  10 +  t,  then  the 
motion  uluQ^  the  axis  of  X  'im  x  =  a  tus  {t^  +  t).  This  ttMiu  «  is  caliod  the 
Bpooh. 

Acceleration  in  S.H.M.  Proportional  to  Displacement. — 
In  Fig,  29  tlio  moving  particle  as  it  describes  its   circular  path 


J 


'  If  XTArics  when  y  variM,  m,  for  Instance,  ifx=ay,  orif  j[*=,y*-nii)*  +  (iin-e,  or 
estog  y,  or  if  in  any  othi>r  vny  whataocTer  th<^  raliiD  of  z  lUfi^nd  nn  th^t  of  y,  x  ii 
■aid  to  b«  k/unetiiM  of  y ;  and  if  r  recur  to  th<<  aama  value  while  y  goen  on  nnifonnly 
inereuin;  or  diminisliing,  z  is  said  to  b«  a  prriodie  function  of  i;;  ^S  x  ^  cat  y, 
or  =  tan  y.  or  =  aln  y,  atu.,  ■>  y  igow  on  inoreaaiug,  x  recurs  to  tlie  «amt  valuea,  for 
oo»v  =  oo«(2r+y)  =  ww(4i-+|r)  =  coi(6»+y)  =«»{8»+y),  wtc. 
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does  so  under  the  influence  of  an  Bccelcration  —  towards  the 

r 

centre.     This  may  be  resolveit,  when  the  particle  is  &t  any  point 

A,  into  —  cos  AOQ  parallel  to  QH,  and  —  sin  AOQ  at  riclit 
r  r 

iingles  to  it  Tlie  fnriner  cninpnineiU  is  alone  elTective  in  reference 
to  a  body  moving  in  S.H.M.  in  tlie  line  QK,  and,  being  always 
towards  the  centre,  it  is  alterimtely  in  the  same  and  in  the  oppo- 
site direction  to  tlie  movement  of  the  body,     liut  this  acceleration 

Oa 


y2  yS 

towards  the  centre  =  —  cos  AOQ  -  —  . 

r  r 


-^.  0(i  =  Oa  X  a 


constant  number,  for  V  and  r  are  constant  The  Acceleration 
when  the  jmrtiele  is  at  a  in  its  S.H.M.  is  thus  proportional  to 
Oa,  the  Displacement  from  0. 

Again,  the  constant  number  —^  is  the  square  of  —  =  a>,  the 
angular  veloeity  in  the  circle  of  reference.     Therefore 

/acceleration   at  any  point. 
^   (liKrilac'.'Uieut  at  tlial  noint. 


iBOchroQoas  S.H.IIlt.'3. — ^ince  ta  h  the  angular  velocity, 

and  since   the   time   taken   ta  execute  one  complete  revolution 

'2v 
round  the  circle  of  reference  is  t  =  — ,  tlien  if  the  angular  velo- 

tti 

city  in  the  circle  of  reference  be  corifltant,  the  time  t — that  is.  the 

period  of  tlip  S.H.M. — is  irKlci>cmlent  of  the  amplitude,  which  does 

not  enter  into  that  fornuila  which  expresses  the  value  of  t,  namely, 

2t      t-l-       ■.    ■       •       .-  c    1  ■«•  .1  ...   acceleration 

T  =  — .      Ihis  critenou  is  aatisneu  if  the  quotient  

fl*  displacement 

a  constant  number.  lu  other  words,  it  the  acceleration  which 
'^tends  to  restore  a  body  to  its  median  position  bear  a  fixed 
proportion  to  the  displacement,  the  body  will  execute  a 
S.H.M.  whose  period  is  independent  of  the  amplitude  of  oscil- 
lation. Thifj  pivpositinn  ia  one  of  hi;;h  importaneo  in  the  theory 
of  the  reudulum,  of  Elastic  badies.  of  SohthI,  of  Heat,  anti  of 
LigliU 

Projection  of  a  S.H.M.  always  an  Apparent  S.H.M. — It 
is  understood  lliat  when  a  liiie  Ali  is  looked  at  from  the  position 
e  in  Fig.  30,  that  line  appears  to  be  shortened,  and  to  assume 
the  length  BE,  and  the  line  DE,  or  (fe,  at  right  angles  to  cO,  is 
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callwl  a  Projection  of  AB.     There  may  he  as  many  projections 
as  there  are  possible  directions  of  tlie  line  O*?.     Whon  tlie  eye  is 

pldwtl  somewhere  in  the 
line  Oc,,  the  line  AB  6oe» 
not  appear  to  he  abort- 
ened,  and  tlie  prajectiou 
at  of  the  line  AH  is  equal 
tu  that  liut-  itself;  ■when 
th(j  (iirectiun  of  sight  hns 
becoHiti  AlJr,,  the  projec- 
tion of  tlie  line  AB,  thus 
seen  end -on,  is  a  point 
merely. 

Tf  tti'.'  ]n<«itii)ii  of  the  i>oint 
»f  vipw  Iw  iatertiieliate  te- 
tweeti  these  extreiiiew,  aa,  for 
example,  at  r.  tlie  prnjoctioii 
t4  is  to  tht!  ort^inul  AH  a»  tlic 
coBJuu  of  tliv  iL]i);K-  AOL)  iu 
tli«  %urf  is  tu  uiiilv. 

If  now  a  lnjdy  exeviile 
S.H.M.oiithelineAB.the 
diagram  vrill  show  that,  if 
led  from  c,  it  will  appear  to  perform  a  S.H.M.  convsixmd- 
ing  in  period  and  pliase.  though  not  in  amplitude,  in  the  line 
DE;  or,  in  other  words,  the  projection  of  a  S-H.M.  is  itself  an 
apparent  S.H^. 

Hannomc  Curve. — If  a  .S.H.M.  in  one  line  he  compotinded 
with  a  uniform  motion  in  a  direction  at  right  angles  to  that  line, 
the  resukartt  path  may  be  found  by  the  following  const  taction. 
Let  A  and  B  (Fig.  31)  be  the  points  of  greatest  elonjjation  of  the 
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particle.  Let  the  particle  be  also  made  at  the  aame  time  to  travel 
uniformly  from  left  to  right.  Uraw  Al'li,  tlie  circle  of  reference:. 
Oil  it  lay  off  (say)  sixteen  equidistant  points.  T),  E,  F,  G,  etc. ;  lines 
drawn  through  these  at  right  angles  Lo  the  line  AB  determine  the 
points  on  tliat  line  which  de6ue  the  positiuua  of  the  particle,  so 
far  as  the.'ie  [losilions  arc  determined  by  the  S.II.M.,  at  equal  inter- 
vti\s  of  jlg  of  the  period.     These  lines  being  drawn  as  in  the 
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figure,  otlior  liucs  may  hv  drawn  parallel  to  AB  aad  cutting 
the  axis  OX  tit  equal  iutervals,  each  of  which  representa  the 
wnouut  <if  motion  from  left  ti'>  ri;,'ht  during  j^^  of  the  i>eriod  of 
tlie  S.H.M.  The  previous  examples  of  composition  of  simul- 
taneous motiuiis  will  !^hi)w  iih  that  tlie  successive  positions  nfter 
aucoessive  intervals  (-^j.  of  n  ]ieri(>il  iit  this  case)  will  be  found  by 
nuurking  off  points,  such  as  those  indicated  in  the  diagram,  by  crosses 
whme  distance  alonji;  the  axis  of  X  represents  the  displacement 
due  to  the  uniform  motion,  and  whose  distance  alonf;  the  axis  of 
Y"  repreaentfl  the  displacement  due  to  the  S.H.M.  If  these  points 
be  joined  they  give  rise  to  a  very  charaetoriatic  curve,  the  Curve 
iif  Sines,  or  the  Harmonic  Curve.  The  geometrical  property 
of  tills  curve  evidently  is  that,  of  any  point  in  it  the  Abscissa 
(along  X)  is  proportional  to  the  time,  while  the  Ordinatea  (or  dis- 
tances from  the  axis  of  X)  are  proportional  to  the  sines  of  angles, 
which  aro  themselves  proportional  to  the  time.  The  oriltnates, 
therefore,  jmss  through  positive  and  negative  values  alternately, 
while  ilie  ahscisste  uniformly  alter  in  value.  There  may  be 
several  curves  of  sines,  differing  from  one  another  in  the  ampli- 
tude of  the  S.H.M.,  or  in  the  rapidity  uf  tiie  uniform  motion  in 
the  directiou  of  the  axis  of  X.  KviJontly,  if  the  ampUtnde  of 
the  S.H.M.  be  greater  or  less,  the  undulations  of  the  TTarmonic 
Curve  will  he  deeper  or  shtdlower ;  wliilo,  if  the  motion  along  the 
axis  of  X  he  slower  or  quicker,  tlie  undulations  of  the  resultant 
curve  will  be  cloj?*^  together  or  further  apart. 

When  a  pendulum  is  set  to  swing,  it^  oscillatory  motion  is 
visibly  quickest  at  the  middle  of  ita  course  and  slackens  towards 
each  end  of  iti  so  that  the  motion  of  a  pendulum  is  very  much 
like  S.U.M.,  and  hence,  if  a  pendulum  be  made  to  i;iirry  sand  and 
to  drop  it  an  it  travels,  it  will  deposit  a  trwce  wliich  is  much 
tliicker  at  C-ach  end  of  its  couree,  wliero  its  bob  is  moving  slowly, 
than  it  is  at  the  middle  where  Its  course  is  rapid.  If  the  pendulum 
be  made  to  oscillate,  while  tlie  frame  which  supports  it  is  at 
the  same  time  made  to  travel  in  a  direction  at  right  angks  to 
the  plane  of  oscillation  of  the  bob,  or — what  nmonnta  to  the 
some  tiling — if  the  surface  on  which  the  sand  is  received  be 
made  to  travel  under  the  oscillating  pendulum,  which  is  sas- 
pendc<l  from  a  fixed  suppoit,  the  sand  is  deposited  in  a  curve 
which  can  hardly  be  distinguished  from  the  Harmonic  Curve. 
But  any  motion  which,  when  compounded  with  a  uniform  recti- 
linear motion,  produces  the  characteristic  Curve  of  Sines  must 
itself  be   a    S.II.M.,  and  hence  the  motion   of  the  pendulum, 
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projected  ou  the  plane  which  receives  Uie  sunH.  is  approximatelv 
a  S.H.M. 

That  tlm  txai'c  left  by  the  fnlling  ttand  tioes  not  witli  pprffct  exactitiidc 
coineide  wiUi  any  harmonic  curve  w  due  to  tlm  fuct  ttmt  though  the  motion 
of  the  bob  in  il«  ciirv4fcl  jiuth  in  neiuly  S.H.M.,  tliu  necessary  divergence 
Iwlwecn  that  curved  path  and  the  Bat  [diinc  on  whiLb  the  aand  i*  (Jepoaited 
CXprtuMea  iUetf  ae  a  alight  difltoition  of  the  resiilliint  tnu.«.  If  the  arc  uf 
oscilluLiim  Ix!  hdulII,  thin  distortion  in  ho  very  aitiall  llint^  uuwl  of  thv  jirupcr- 
ties  of  Sim[)h-  Hiiritiuiiic  Motion  con  tjtr  |irai;tiad]y  deiuoTi^nLti.il  hy  tlio  net 
of  pcndiiLimiH  which  rc-cunl  tlitur  uwn  niuvriiieiit  in  »oju«  such  way  at  Vnat 
mentioned. 

The  trace  Itft  liy  such  a  moving  body  tines  not.  jiresent,  in 
the  parts  corTespouding  Ui  tlie  greatest  positive  or  negative  elonga- 
tioD,  so  steep  an  ascent  or  descent  as  it  doea  when  it  crosses  the 
axis  CX  (Fig.  31);  this  indicates  that  the  body  moving  in  S.H.M. 
is  movin!?  more  rapidly  at  the  centre  of  it3  course  than  at  its  ends. 

Composition  of  Simple  Harmonic  Motions. — If  the  same 
bwly  be  subjected  to  twi>  dillereiit  S.H.M.'s,  the  problem  of  tlieir 
composition  may  in  geueml  be  solved  with  great  ease  by  the  use 
of  the  respective  circles  of  reference.  Let  the  two  motions  be 
equal  and  in  the  same  direction:  the  resultant  will  be  a  S.II.M.  of 
double  aniplitudc.  Let  the  two  molioos  be  equal  and  in  Uie 
same  line,  hut  diflerinx  from  one  another  in  phase  liy  half  a  period, 
the  resultant  will  be  a  S.H.M.  =  0 — that  is,  Kest.  1/et  the  two 
S.H-M.'s  be  e<iual,  at  right  aufjlea  to  one  another,  and  in  the  same 
Pj^j2,  phase,  80  that  when  the  moving 

particle  is  at  O  it  is  mo\-ing  in 
a  positive  direction  with  refer- 


QL 


ence  to  both  axes :  its  real 
course  will  be  in  a  line  1''!'. 
making  an  angle  of  45'  with 
both  AU  and  CU  If  it  be 
Jialf  a  period  behind  in  one  of 
the  S.H.M.'s.  so  as  to  bo  moving 
in  the  +  direction  (fr<^iin  O  to 
X>)  with  reference  to  one  axis, 
and  negatively  (from  O  to  B) 
with  reference  to  the  other, 
"  a  «  the    resultJirit   will    be   S.H.M. 

in  the  Line  Q'Q.  If  the  one  S.H.M.  lie  a  quarter  period  behind 
the  other,  so  that  while  the  moving  particle  is  at  the  middle 
of  (one,  say)  its  vertical  oscillation,  it  is  only  just  leaving 
the   point   of  greatest   negative    elongation,  in  respect   to  the 
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other —  ita  horizontal  oscilktion  —  its  motion  "will  be  com- 
pouuJed  of  one  furwanU,  from  C  towards  0,  and  one  upwards, 
past  O  towards  A ;  tbu  result  will  be  that  the  motiou  of  the 
bwly  will  be  restricted  to  the  tircuiaference  of  the  circle  DBC, 
aud  tlie  body  will  move  round  thuL  cin:le  in  the  direction  CA. 
Similarly,  if  the  horizontiil  movemout  be  in  advance  of  the 
vertical  by  a  quarter  period,  so  as  to  be  already  bringing  the  body 
hack  from  ita  position  of  greatest  positive  elongation  while  it  is 
still  moving  vertically  itpward.s  past  O  towards  A,  the  body  will 
travel  in  the  circle  1>AC  in  the  direction  DA.  Hence  we  have 
innM>rtJint  proposition  that  nuition  in  a  circular  path  may 
Considered  to  be  made  up  of  two  S.H.M.'8,  the  one  a  quarter 
of  a  period  in  advance  of  or  behind  the  otlier,  according  U)  the 
direction  in  which  the  body  travels  in  the  circle, 

Thouyb  the  conical  pendulum  shows  this  when  its  motion  is 
watched,   peilwps    tlie    siwjile    piece   of 
nieclmnisni  drawn  in  Fig.  33  may  iiialte 
it  even  plainer.     The  circular  plsto  ACB 
has  a  pin  D  set  in  it.    Tliis  pin  works  iu 

a  sliding  piece  within  a  slot  in  the  frame  T\g.n. 

EF.  The  frame  EF  is  connected  with  two 
sliding  bars,  winch  run  hetwet'ii  the  guides 
G,  80  that  lateral  motion  is  impossible. 
T^  the  circular  plate  ACK  be  rotated 
uniformly:  the  frame  KF  will  he  move* I 
iipwanls  and  downwards  altenmtely,  wlille 
the  pin  D  will  move  in  the  slot  from  right 

to  left  and  from  left  Ut  right  altematf'ly.  a  I  ..-...^b 

It  will  easily  Iw  seen  on  making  a  model, 
or  on  imagining  the  diagram  to  act,  that 
the  oscillations  of  1>  in  its  slot,  and  thoso 
by  which  it  produces  alternating  ("  recip- 
rocal '■)  motion  of  EF,  do  not  agree  in 
phase,  but  ditTcr  by  a  quaiter  of  a  period, 
tbo  one  being  at  the  middle  when  tlie 
other  is  at  the  end  of  ila  cnurae. 

The  circular  motion  of  the  pin  D  is, 
therefore,  compounded  of  two  S.H.M,'3,  of 
which  one  is  easily  convoyed  to  the  frame 
EF,  while  the  other  cannot,  because  of  the  ^ 

arrangement  of  the  gtiides  G,  be  so  conveyed.    The  apparent  con- 
version of  the  circiJai-  motion  of  the  disc  ACB  into  the  reciprocal 
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motioa  of  tlie  slidiiig-bars  ia  in  reality,  theu,  due  to  the  supprcs- 
sioa  vf  one  of  its  simpb  harmomc  componeDts ;  and  tke  motion 
of  the  sliding-bars  is  exactly  .S.H.M. 

Olroular  traneformed  into  R«ciprocatins  Motion. — In  accord- 
anee  with  this  principle,  tBGchaniBm  int^odtJ  to  traimfoi'm  roUitory  into  recipro- 
cating motioB  in  m  reality  inec:3iaQi-sm  nhicli,  M-ith  niorv  or  itxe  cumploUnefis 
mpprcBaes  one  of  tlic  S.H.M.'m  uf  t-tich  particli:  or  i;  rubLtiiig  body.  The  tu<«t 
luasLl  duvicc  ih  tliat  uf  a  orank ;  tliiii  iitiiy  W  iKtun  ui  oiui  form  uf  another  in 
ftlmoet  every  piece  of  machinery  wcrkcJ  by  Htciini-pciwer.     In  Tig.  34  the 
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wheel  A  in  nitatud  ttlmnst  unifitnnly,  imd  the  craiik  B  lh  ttiruvd  round  aloni; 
with  it ;  attached  to  the  crank  B  hy  a  joint  at  C  ts  tliu  nid  D,  which  i^  in 
ita  tnm,  littnched  by  the  joint  E  ta  tliR  nnl  F  j  this  runs  hetwpen  thts  guided 
O.  Hcr«  the  molion  f>f  the  bur  F  Wtwecn  llii>  ^^idea  is  imly  appniximaU-ly 
Simple  Haniionic,  hut  upproximat^s  more  and  mure  neikrly  to  ihst  candition 
the  lun^-er  ihi?  bar  U  and  the  ahorter  the  crank  B,  &r,  in  other  words,  tlie 
Ibm  F  )ind  I)  tug«tlier  itiv^rge  fn>iu  a  etrai(;lit  line.  T!ie  rod  V  may  Ix!  made 
tw  work  a  putnp-liaiidle,  a  mw,  or  any  mich  cuntrivauce  wlioae  ujk!  ret[iiire* 
rvcipriK'ntin^  motion. 

Conversion  of  Beoiprooating  Into  Circular  lAotion. — If  in 
fiKim-  ^4  the  rod  F  be  suppowd  to  be  pu^ed  towards  tht!  crunk  B,  then  D 
will  W  pushed  ovvr  towards  C,and  th<;  wheel  will  turn  until  E,  O,  and  C  are 
in  the  sanie  &trai);lit  line.  No  further  ptLshinj;  will  uijtke  the  wheel  A  turn 
niiy  further,  Qcithcr  wilt  }nil1iiig,  when  th«  crauk  is  m  thia  position,  bav«  any 
cITecL  If  in  the  i^iiu  figure  Uiv  rud  F  be  pulled  iiiAtvod  of  pu^hvil,  the 
points  E,  C,  aiiil  O  will  come  to  be  in  the  sarao  Blrivijjht  line,  and  in  this 
{loaition,  again,  Ticither  pulling  nor  poshing  will  have  any  effect  in  luaking 
the  wheel  lam.  There  ate  therefore  two  pusitiona  or  dead  polnta  in 
which  A  piston  eannoL  by  means  of  a  crank  s^t  a  wheel  in  luotion.  If,  how- 
ever, the  wlifrl  A  be  lieavy,  nr,  Iii^t^T  *ti]l.  If  it  In.-  conneirtcd  with  a  heavy  fly- 
wheel, whvn  it  arrives  nt  the  drad  poinU  its  Inertia,  it  that  of  the  flywlipcl, 
inanifedtx  itself  l>y  the  wheel  A  rotatin};  past  these  unfavourable  potiitiona 
into  others  in  which  the  reciprocal  movement  of  F  ran  act  effectively  ;  the 
wheel  A  is  thus  set  in  cnntimious  motioTs,  An  example  of  this  is  famiidied 
by  the  Crvadle  aud  flywheel  of  a  lathe  or  of  a  Hewing-uiiicbine. 

Ill  the  marine-engine,  viiice  there  c&ii  be  no  flywheel  or  boanl  ship,  wme 
other  contrivauee  is  nt:C4::«»iry.  Twu  cylimlurs,  and  tlierefore  Lwu  reciprocat- 
ing pislons,  both  acting  on  Uio  sauic  wheelwork,  are  io  nrranjjed  that  when 
the  one  crank  is  at  ita  dead  points  the  other  ie  at  the  middle  of  its  conrae, 
and  therefore  at  ita  position  of  grenteHt  ndvantage. 
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coHpnarnoK  of  simplh  HAastosic  motions. 

Composition  of  Simple  Harmonic  Motions  (resumed). — 
Let  tlie  two  S.HJI.'a  liiiler  hy  some  otlior  fmciion  of  a  period 
than  the  half  or  the  quarter,  as,  for  instance,  the  sixteenth  :  if 
they  be  equal  in  amplitude  they  both  have  the  same  or  equal 
circlea  of  reference.  Let  the  circumference  of  these  bo  divided 
into  twenty-four  equal  parts,  as  ia  Fig,  35,  in  which  only  a  part  of 
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each  circle  of  reference  is  showu.     Let  chords  be  drawn  dividing 
tlic  arcs  AR  and  CD  in  the  points  F,  Cr,  etc. 

If.  now,  the  particle  be  at  the  middle  of  ita  course  with  refer- 
ence to  the  S.H.M.  along  the  axis  BA,  and  if  it  be  at  the  same 
time  -j^  of  a  period  beliiiid  (so  as  not  yet  to  have  arrived  at  the 
central  point)  in  its  execution  of  the  S.H.M.  referred  to  the  axis 
CD,  the  point  at  which  it  must  be  situated  in  order  to  satisfy 
botli  these  conditions  must  be  N,  G.  Wlieu  -^  period  haa 
elapsed,  it  will  have  advanced  to  the  middle  of  ita  horizontal 
courae,  but  will  have  moved  vertically  as  far  as  the  point  M,  H  ; 
at  Uie  end  of  another  -^  it  will  be  at  the  point  L,  J,  llien  at 
A,  K ;  then  it  still  wivadcea  horizontally  to  the  limit  of  its  course, 
but  returns  «long  AB  to  L,  thus  reaching  the  point  L,  D ;  theu 
it  rtrturu-s  lo  M,  K.  and  so  on.  and  in  this  way  it  dcacribea  an 
ellipse.     When  the  difference  of  phase  ia  leas,  the  point  G  is 
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nearer  to  0,  and  the  ellipse  is  uarrower ;  when  tLere  is  no  differ- 
ence of  phase,  the  points  G  and  O  coincide,  and  tUis  ellipse  is  a 
straight  line,  ils  lias  been  already  learned  (Fig.  32).  AVIien,  on 
Um  other  liaud,  tlie  ditfereuce  of  phase  is  greater,  the  point  G  ie 
further  from  O,  and  the  ellipse  widens  out  tintJl,  whan  the  differ- 
ence of  phase  is  ^  period,  the  point  G  coincides  with  C,  and  Uie 
ellipse  is  a  perfect  circle. 

When  the  amplitudes  are  not  equal,  the  circles  of  reference 
will  not  be  equal.  If  the  two  S.H.M.'s  he  AB  and  CD,  the  corre- 
sponding constmction  is  shown  in  Fig.  36.    If  they  be  in  the  some 
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phase,  the  resultant  is  S.H.M.  in  the  Hue  K'OR ;  if  they  differ  in 
phase  by  half  a  perio^l,  the  resultant  is  .S.H.M.  in  the  Hue  QOQ'; 
if  the  difference  of  phase  be  ^  i>erio<l,  the  path  is  the  ellipse 
ABCD,  traversed  in  llie  direction  BC  if  the  S.U.M.  in  AB  be  ^ 
period  in  advance,  and  in  the  direction  BU  if  it  he  ^  period  in 
arrear.  If  the  difference  of  phase  be  any  other  fraction  of  a 
period,  the  resultant  will  be  motion  in  some  other  ellipse  con- 
tained within  the  snvac  bounding  rectangle  QRQ'B'.  Tlie 
constniclion  is  the  satno  as  tlint  of  Fig.  A^. 

Oompoaition  of  Skill's  of  diJBferent  period. — The  same 
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methoJ  with  little  modification  may  be  here  employed.  Tlio 
resp«clLve  circles  of  reference  ore  drawn  and  aro  diWded  into 
arcs  correspondiug  to  equal  intervals  of  tiniu.  The 
lines  representing  the  S.II.M.'8  arc  diWdcd  in  acconlance  with  the 
now  well-known  construction  and  the  positions  of  the  body  traced. 
nut  accordingly. 

In  Fi^.  37  the  periods  are  as  two  to  three,  the  period  of  the 
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vertical  S.H.M.  being  the  shorter :  the  amplitudes  are  represented 
by  the  length  of  th«  lintjs  AB,  CD  respectively.  The  respective 
circles  of  reference  are  tlrawn  :  they  are  equably  divided  into  arcs 
corresponding  to  intervals  of  time  arbitrarily  chosen,  say  the 
sixteenth  part  of  the  period  of  the  more  rapid  oscillation  in  AB, 
this  being  the  ^  of  the  jicriod  of  the  slower  oscillation  in  CD. 
The  arcs  AB  and  CD  having  been  thus  divided  into  st^jjuients 
corrcsp<^ndinR  to  equal  inten'als  of  Lime,  the  usual  conatruction 
enables  us  to  trace  out,  i>fiiut  by  iwint,  the  path  of  the  body, 
which — if  we  assume  the  body  to  be  in  the  position  of  grentcat 
positive  elongation  with  respect  to  both  S.H.M.'fl  simultaneously, 
and  therefore  to  touch  the  point  R,  thero  being  there  no  differ- 
ence of  phase — we  find  to  \\o.  a  looped  curve  over  winch  the  body 
travels  backwards  and.  forwards  without  quitting  it 
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In  Fig.  as  the  period  of  the  SJH-M.  in  CD  is  f  of  that  in 
AB.  The  construction  is  essentially  the  same.  The  area  cut  off 
on  the  circle  AB  must  be  J  t»f  those  similarly  subtended  in  the 
circle  CD.     Hence  the  cii'cle  Ali  has  been  divided  into  area  eacli 

Tig.aa. 


of  which  represents  one-twentieth  of  tbe  circumference,  while  the 
circle  CD  has  been  divided  into  16.  These  cur^'cs  may  assume 
a  variety  of  forms  depending  on  the  possible  variations  in  the 
relative  lengths  of  AB  and  of  CT'. 

Oomposition,  of  S.H.H.'s  difiering^  in  Phase.  —  If  the 
two  S.II.M.'b  differ  iu  [ihase,  and  if  those  chosen  us  illustra- 
tions be  for  convenience  of  reference,  the  same  as  those  of 
figures  37  and  38,  the  same  circles  may  be  drawn  and  divided 
in  the  same  way.  If  the  diiferoncc  of  phase  between  the  two 
S.II.M.'8  corrw^jiond  to  such  a  ftaclion  of  the  |ienud  of  tJie 
more  rapid  oscillatiuii  ub  may  be  represented  by  the  arc  C£ 
(vliether  ttiis  be  an  aliquot  part  uf  the  cirenmference  or  not), 
the  l>ody  cannot  be  at  the  extremity  of  both  its  S.H.M.'8  at 
one  time,  and  when  it  is  opposite  the  point  B  it  vill  idmul- 
toneonsly  be  opposite  not  the  point  C  but  the  point  E.  Figs, 
SO  and  40  indicate  the  modifications  undergone  by  the  resultant 
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curve  of  Figs.  37  and  38  in  conaeqiience  of  this  difference  of 
phase. 

These  resultant  curves  vary  considerably  in  form,  according 
to  the  amount  of  difference  of  phase  of  the  component  S.H.M.'s. 


Fig.  41  shows,  for  example,  a  aeries  of  modifications  of  the  curve 
of  the  ratio  1,  2,  in  which  the  more  rapid  oscillation  is  in  advance 
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(.&,  ttiey  have  borne  to  one  another  ratiue  expressible  in  whole 
numbers,  ami  uooseqiiontly,  after  a  cerUiin  number  of  oscillatioiip, 
llie  moving  body  has  rL'tumed  to  thu  starting- point,  aud  Llio  path 
hns  been  a  closed  curve  wbich  the  body  has  traversed  repeatedly. 
If,  however,  the  periods  be  not  commcnauraWe,  the  body  cannot 
return  to  the  Rtarting-point  aftctr  any  definite  numbor  of  oscilla- 
tions, and  the  path  never  l»ecomes  a  closed  curve. 

Composition  of  S.HJML's  whose  periods  approximate  to  an 
alig,uot  ratio. — II  the  periods  of  tlie  two  cunn>«iiient  S.K.M.'s  be, 
fur  example,  verj'  nearly  oa  one  to  two,  but  not  exactly  so,  the 
resultant  curve  may  be,  at  a  given  moment,  practically  the  same 
as  tliat  of  («)  in  Fig.  41.  Tliu  moving  body  cannot,  however, 
continue  to  maiulinu  this  parabnlii!  piilh,  tor  the  want  of  exact 
aliquot  proportion  of  the  two  periods  caus^a  one  of  tlie  two 
S.H.M.'s  to  pnaa  in  advance  of  tlie  other,  which,  as  it  were,  lags 
Whind,  and  thus  it  establishes  an  increasing  difference  of  phase. 
When  this  accumulated  difference  of  phase  amounts  to  ^  tho 
]«riod  of  the  more  rapiil  oscillation,  the  path  described  is 
approximately  that  of  (h)  in  Fig.  41,  In  thi.s  way,  by  continuous  , 
modification,  the  curve  passes  successively  through  all  the  fomis 
shown  in  Fig.  41. 

[(  the  rceptclivi-  periods  be  as  10  :  31,  their  ratio  is  approximAt«1r  1  :  3, 
Lul  not  exactly  »o  ;  when  the  elowcr  S.LI-M.  has  been  etftetcl  5  linieB,  ttiis 
(luidter  hjiA  lieen  eOiaeteil  not  10  but  10^  timm,  aud  coDBcquently  tli«  quicker 
btutioii  i»  ^  periiHl  in  lulvanro,  itiid  Ltm  fnnii  uf  the  jjath  hwt  been  imniifieil 
fmm  inMirly  ihiit  of  (a)  to  iiwirly  Dint  of  (r)  in  I'ig.  41.  ftHn-u  llii*  slower 
S.H.M.  h|U(  K-eii  perfur  111)^1  10  Itiues,  the  form  of  tlir  path  of  the  Ihhjj-  luu 
itecume  approximat«lj  (e)  in  that  fiyure  j  and  when  20  of  the  slwwwr  S.lLM.'s 
ban  b«ea  vlTcutoi],  and  of  course  ju  the  »attie  time  '12  of  the  more  rapid  onos, 
tlw  p«th  t«aiuu?s  for  an  instant  it&  ongiooL  form  (a). 

If  the  periods  wt-rt'  mh  1000  :  2001,  in  tlie  sann?  iniy  it  will  \»  st-cn  that 
the  path  rrj^ins  its  originnl  fonii,  btit  not  until  2000  uf  the  more  slowly- 
performul  S.LLM.'b  baw  been  executed. 

Hence  the  Ipss  the  proportionat-e  divergence  from  the  simple 
aliquot  ratio  to  which  tlie  actual  mtio  approximates,  the  greaUiT 
the  number  of  oscillations  that  must  be  performed,  and  hence  the 
longer  tlie  time  that  must  elapse  before  the  original  form  of  the 
path  rticurs,  as  it  will  do,  npproximntely  if  the  jieriods  he  non- 
commensurable,  perfectly  if  they  bo  commensurable. 

Besolntion  of  S.H.M.  into  two  rectangular  components. — 

"Wc  have  ^oon  that  two  ri.H.M.'.s  at  right  :iiigles  to  nn..'  nnnllier, 
and  having  the  same  period  and  phase,  may  be  compounded  into 
A  single  S.IT.M.  by  a  construction  precisely  the  same  as  that  of 
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the  rectangular  parallelogram  of  velocities.     CoDversely,  just  as  a^ 

VBlocity  may  be  resolved  into 
^'■*'-  two  component  velocities  in  any 

two  directions  at  riylit  angles  to 
ono  another,  bo  may  aiiy  S.H.M. 
Ife  resolved  into  two  S-H.M.'s 
ill  any  two  directions  at  right 
angles  to  one  another.  If  in 
Fig.  42  the  S.H.M.  be  in  AB, 
it  may  be  resolved  into  two  in 
x^c  and  y^  respectively. 

Any  niuuber  of  S.Ii.M.'a  in  any  direction  may  be  resolved  into  their 
coniponents  iii  Lbivu  rucUtu^uIiu'  uxvb,  uiiJ  tlii;fu  luuv  tlicii  Ij'e  coiiipoundeii. 

Oompoaltlon  of  OJiy  S.H.M.  witli  a  uniform  movement  in  any 
direction.— If  we  wish  lo  compound  il  S.HJ1.,  which  ia  (ifTecU-'l  iii  u  Uob 
neither  para11<:^]  nor  at  right  ongU'ii  to  the  asX&  Ox,  until  a  unifurru  luutiuu  in 
the  ilirection  Ojc,  we  must  first  lipcuk  tlie  S.H.M.  up  into  iu  eomponeats  in 
thii  rc-sptctivc  dircctioiu  Ox  an-i  i/j/,.  We  iiiny  llien  compound  thu  com- 
pomrit  SJi.M-  in  the  dirc^clion  i/y,  with  the  unifonn  Riovetiiuiit  in  the  ftxi.'«of . 
X,  tliHH  producing  (as  was  done  in  Fig.  31)  the  Ilarnnnnic  Oiitrt-  or  Cun-o  of 
Sin^s,  indicAled  by  a  dotted  line  in  Fig.  43.     We  may  then  from  point  lo 
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point  (impound  thin  harmonic  ciir%*e  with  the  component  S.il.M.  in  x,x  by 
df-tcrmining  pflint  nft^r  point  in  advance  of  or  tehiud  the  dotted  harmonic 
curre  lo  an  oxt'-nt  eonvAponding  to  the  di^pliic^mpnt  produced  by  that  com- 
ponent. The  n^sultant  palli,  indicated  by  the  thick  dotted  line,  ia  oonwi 
pounded,  then,  of  a  uaironn  motion  in  the  axis  ofX,  a  KHJiI.  in  the  aara* 
axis,  and  another  S.H.M.  of  the  sanic  pvriiid  and  phum:  iu  a  lini.-  at  right 
uu){!i»i  tJi  that  axis.  The  funu  of  thu  rvsultant  cur^o  variun  aecordiug  to 
the  apocd  of  that  uniTonu  motion  which  Ib  compounded  with  the  ohiique 

aH.M. 

OompoBition  of  two  S.H.&I.'s  in  the  same  plane. — If  two 
S.H.M.'s  in  the  same  line  be  compounded,  the  resultant  motion 
will  ako  be  in  the  some  line,  and  it  is  best  studied  by  refcrenco 
to  the  haixQcinic  air^'e.  Lot  two  S.n.M.'s,  which  liave  the  same 
periods  and  jihasca,  and  wliich  are  in  the  same  straight  line  AB, 
have  the  amplitudes  AB  and  CD,  and  let  a  corre-sjinnding  Har- 
monic Curve  be  traceil  for  each.  T!ien  the  corraiponding  curve 
produced  by  ttie  superposition  of  these  two  motions  may  be  traced 
fri-iin  point  to  point  by  adding  the  displacements  separately 
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iadicatod  by  tho  banuouic  curves.  This  resultant  is  foimd  to 
a  Harmonic  Curve,  aiid  on  careful  drawitiij  to  scale  it  may 
shown  aUsnlutely  to  coincido  with  tho  Curve  of  Hme»  derived 
from  a  S.H.M.  in  a  liue  wliose  direction  is  the  same  as  that  of 
AB,  and  whose  amplitude  is  equal  to  the  sum  of  AB  and  CD. 
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On  tlie  otlier  hand,  when  tliese  two  S.H.M.'s  are  in  oppoaitt  phases, 
differing  by  Imlf  a  period,  so  that  while  one  raises  the  budy  above 
tho  point  O,  thu  uLher  depresses  it  below  that  point,  the  resultant 
cuiTc  is  also  found  to  be  a  Harmonic  Curve  corresponding  to  a 
8.H.M.  whose  amplitude  is  equal  to  the  difference  between  the 
amplitudes  of  tlm  two  components.  Hence  two  R.H.M.'a  of  (lie 
same  period  and  in  the  same  straight  line  will,  when  compounded, 
produce  a  single  S.H.M.  of  the  same  period  and  in  the  same 
line,  whose  amplitude  is  the  sum  of  the  amplitudes  of  the  com- 
poncnta  if  they  agree  in  phase  and  their  diflcrcncc  if  their  phases 
be  opposed.  Manifestly,  if  the  two  component  S.H.M.'s  he  equal 
to  one  another,  the  resultant  will  be  in  amplitude,  double  of  eitlier 
of  them  if  tliey  agree  in  phase,  and  will  be  zero — that  is,  the  body 
will  be  at  rest — if  they  be  opposed  in  phase,  the  con-esponding 
harmonic  curve  being  in  this  latter  case  reduced  tn  a  strai(,'ht  line. 
If  the  phases  be  neither  in  exact  au-ord  nor  in  exaet  oppusicioii, 
the  resultant  curve  is  slill  Harmonic,  but  the  iuiiplitude  is  found 
by  a  construction  tlie  same  as  that  of  tlit.'  pfindlekigraui  of 
velocities :  lines  representing  the  two  component  amplitudes  ore 
laid  down  at  an  angle  representing  the  difiei-ence  of  phase,  and 
the  diagonal  thus  found  represents,  in  length,  the  Amplitude  sought. 
If  the  two  S.H.M.'s  have  difTeront  Periods,  tho  result  is 
more  complex.  Let  tlie  periods  of  the  .S.H.M.'s  bear  the  ratio 
3 :  8.  Tlien  the  namxouie  Curve  correspontUng  to  the  more 
rapid  S.H.M.  will  present  eight  undulations  for  every  three  of  the 
less  rapid  ones.  Tliese  are  tU-awn  in  Fig.  45  (1).  On  adding  the 
displacements  represented  by  these  curves,  the  resultant  may  be 
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traced  from  point  to  pouit,  ami  is  foimd  to  form  a  coiuparatively 
complex  curve.  Obvioiwly  there  may  lie  an  iudefinite  iiuiul>er  of 
FomiH  of  this  resultiijg  curve,  for  the  ratio  of  the  amplitudes  may 
varj'  indefiuiteLy. 

lu  Fig.  45  the  curves  show  the  change  produced  in  a  com- 
ponnd  harmonic  curve  hy  a  difl^rence  of  phase  in  the  component 
S.H.M.'s.  The  curve  (1)  is  that  corrospoiuHiii^  to  the  composition 
of  two  S.H.M.'s  whoso  periods  are  aa  3  :  8,  whose  anip]itnde3  are 
as  there  shown,  and  whf)S<^  phases  at  the  point  A  coincide.  In 
the  next,  the  rnant  i-apid  K.H.M.  in  seen  to  be,  in  respect  of  its 
phfise,  in  arrear  hy  an  interval  of  time  represented  by  the  length 
of  the  line  AB,  and  the  superpoRition  of  the  two  curves  now 
produces  a  reanltant  slightly  diflering  from  its  predecessor,  but, 
on  the  wiiole,  similar  t«  it  A  similai-  c^msttuction  produces  the 
succeeiling  curves,  in  xvhich  the  diflereiice  of  phase  corresjwnds  to 
the  respective  intervals  AC,  AD,  etc  It  will  be  plain  that  if 
the  dllVerences  of  phase  be  intermediate  between  those  chosen  in 
the  figure,  there  may  be  drawn  auy  number  of  resultant  curves 
intermediate  in  fonu  between  those  shown.  Tlie  time  taken  by 
the  moving  body  to  go  once  through  its  periodic  movement,  or,  in , 
other  words,  the  period  of  tlio  resultant  complex  liarmonic 
motion  is  unaltered  by  variations  in  the  amplitude  and  phase 
of  the  component  S.H.M/s,  and  depends  only  on  their  relative 
periods. 

If  in  Fig.  45  the  difference  of  phase  were  not  constant  but 
continuously  increased,  the  curve  would  successively  assume  all 
the  forms  there  shown,  and  it  wnnld  naturally  pass  through  all 
the  possible  intermediate  forms,  returning  at  intervals  to  the 
form  (1). 

Beats. — If  two  harmonic  curves  be  compounded,  of  which 
one  corresponds  to  a  more  rapid  vibration  than  the  other,  the 
]>eri<>d8  being  ap pro .\i mate ly  e<)ual,  the  resultant  curve  will  be  one 
which  at  anyone  si>ut  appn>xinmtes  in  form  to  tlte  curve  of  sines, 
but  alternately  waxes  and  wanes  in  auiplituda  If  the  respective 
periods  he  as  2000:2001,  the  i|uicker  oscUlatiun  gains  -^-^jj 
period  on  the  slower  at  each  coui]jlele  S.H.  movement,  and  at  the 
end  of  1000  of  the  slower  S.H.M.'s  the  quicker  is  in  complete 
disaccord  with  the  slower ;  then,  if  the  two  amplitudes  of  the  oscilla- 
tions be  equal,  the  particle  affected  is  at  rest ;  thereafter  the  quicker 
oscillation  comes  more  and  more  completely  into  renewed  accord 
with  the  slower,  and  at  the  end  of  2000  of  the  slower  oscillations 
or  2001  of  the  more  rapid,  the  amplitude  of  the  compoxmd  vibra- 
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tion  is  equal  to  the  sum  of  those  of  the  components.     This  is  the 
cause  of  heats  in  music.     If  the  periods  approximate  to  any  other 
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whole-numher   ratio   than   that   of  equality,  similar  phenomena 
occur ;  at  any  one  instant  the  curve  resembles  the  corresponding 
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compuund  barmonic  cun'e,  but  alternately  waxes  and  vrnnes ;  the 
deficiency  of  amplitude  occurring  oace  for  tsicb  complete;  oacillatioa 
gained  by  the  more  rapitUy  \-ibrating  body.  Thus  oscillations 
whose  frequencies  are  500  and  751  per  second  give  one  beat  or 
period  of  relatively  small  amplitude  during  each  751  of  the  more 
npid  vibrations — that  is,  for  every  occasion  on  whish  it  gaiua  one 
oscillation  on  that  imniber,  750,  which  would  make  the  ratio  of 
frequencies  exactly  the  ratio  2:3.  If  the  oacillations  hud  been 
500  and  750^  per  seoond,  there  would  have  been  a  beat  every 
two  seconds. 

If  the  periods  of  the  S.H.M.'s  be  non- commensurable,  the 
resultant  curve  approximates  in  form  to  that  of  the  nearest 
commensal rable  ratio,  and  successively  assumes  forms  nearly 
resembling  those  assumed  by  that  curve  when  the  difference  be- 
tween the  phases  of  its  components  gradually  changes. 

Am  a  particiil&r  ant  i>f  tli«  composiUmi  of  lioniiotiic  mutionii  wc  roay  tftk« 
lie  foTlowiiig  problem,  wliich  is  of  im[«>rtaiice  in  the  Thenry  of  Lijifht.     A 

]iiirtic!i^  w  «t;t«;J   upon  bj 
two  (rinniitaneoas   rircolar 
)  vibratiuns.      Tbew,   consi- 

Ot-red  singly,  act  in  oppo 
site  diit-etioiw,  m  in  Fig. 
46.  Let  tiitiiH  bo  idfintieal 
in  period  and  in  atnplitudi^ 

Id   I  c| hi ^~-\D   Irft  them  he  resolved  into 

romponenU  at  right  nngles 
to  one  tinotlier,  wliicb  lie 
rcapectivtty  in  the  linen  AB 
and  CV.  Let  th«  S.H-.M.'a 
1  in  A_B  coincide   in  jihuat', 

•  while  those  in  CD  ilitH-r  iij 

pha«t  by  half  ii  |wriod.  In  midi  A  CM*  tit*  one  circular  vtbralinn  resembles 
the  other,  as  an  objvct  rcauniblvti  its  inugt  in  n  tuiirur  gitii;it«il  in  u  pUtie 
pnrallel  tt)  AB  ;  and  the  ft.H.M.'s  in  CD  will  ni'titmliHe  one  anuther,  while 
tbofle  in  AB  will  reinforce  onn  another ;  so  that  the  rceuU  will  ha  a  S.H.M. 
In  the  jilane  AB,  nnd  of  double  ainpUtude. 

.  If,  however,  tlie  compo- 

rtt.47       }  neiiU  ill  CD  ^o  not  difT^  in 

phase  by  half  a  pi-riod,  the 
sumc  cousidcmtioDB  of  Dym- 
metry  do  not  apply  in  refcN 
ente  lo  the  pUni-  of  AB  ; 
and  tlifi  n-wilUuit  motion 
Cttunot  be  u  S.H.M.  iu  that 
planv.  \i  the  circular  mo- 
tioos  be  identical  in  period 
and  amplitude,  there  iuuf4 
be  •omft  plane  in  respect  to  wliich  the  circular  [notions  are  syuinietric»I,  u«  iu 
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Fig.  47  ;  the  lesultant  motioa  being  a  S.H.M!.  of  identical  period  parallel  to 
that  plane  and  of  doable  amplitade. 

If  the  tv-o  circolar  motions  differ  in 
period,  they  will  continuouBly  differ  in 
reUtive  phase,  and  the  resoltant  will  be 
a  S.H.M.  of  double  amplitude  effected 
in  a  plane  which  is  constantly  changing 
'  — a  plane  at  right  angles  to  that  of  the 
paper,  and  rotating  round  O,  the  point 
of  rest  in  Figa.  46  and  47, 

Hence  a  S.H.M.  can  always  be  con- 
sidered as  compounded  of  two  circular 
oscillations ;  and  if  one  of  these  be  re* 
tarded  or  accelerated,  whether  suddenly 
or  continnously,  the  plane  of  the 
S.TTM.  will  be  rotated,  suddenly  or 
continuously. 

Composition  of  several 
S^JL's  in  the  same  Plane. — 
This  may  be  geometrically  effected 
by  the  same  method  as  that  em- 
ployed in  the  construction  of  the 
curves  of  Fig.  45,  viz.,  by  drawing 
separately  the  Harmonic  Curves 
corresponding  to  each  S.H.M.,  and 
adding  Crom  point  to  point  all  the 
respective  displacements  indicated 
by  each  of  these  curves.  Fig.  48 
shows  the  harmonic  curves  corre- 
sponding to  five  S.H.M.'s,  each  of 
which  is  drawn  so  as  to  represent 
its  proper  phase,  period,  and  am- 
plitude relatively  to  the  others. 
The  resultant  curve  is  periodic 
— ^t^t  is,  the  complex  form  is 
repeated  at  r^;alar  intervals — 
if  the  periods  of  the  component 
S.H3f.'s  be  commensurable ;  it 
cannot  be  if  they  are  not  so. 

In  all  cases  of  a  body  affected 
by  several  simultaneous  S.H.M.*s, 
in  which  the  component  S.H.M.'s 
have  been  in  the  same  line,  the 
real  resnltant  motion  of  the  particle  may  be  studied  by  finding  the 
comjdex  harmonic  curve  produced  by  compounding  these  S.H.M.'s 
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with  a  utiirurm  movement,  and  du  tlits  curve  laying  a  can!  in 
which  a  slit  is  cut  wlitch  is  hiitl  at  right  angles  tu  the  axis  of  t)m 
curve.  The  card  is  then  moved  unifurmly  idoug  this  axis,  the  slit 
beiug  kept  at  right  angina  to  it.  At  any  one  moment  only  one 
point  of  the  resultant  curve  can  lie  seen  in  the  slit,  if  that  slit  he 
made  narrow  enough.  As  the  card  is  moved  along,  this  point- 
appear:?  to  move  up  and  down  in  the  alit  vith  greater  or  less 
Tegtdarity,  and  tlie  way  in  "which  it  so  moves  is  the  way  in  wliich 
the  bo<ly  really  moves  when  affected  with  the  given  simultaneous 
S.H.M.'8  in  the  same  line. 

Fourier's  Theorem. — The  great  variety  in  the  forms  of  the 
resultant  ciu-ves  drawn  to  iUusti-ate  the  previous  discussion  will 
prepare  the  reader  tu  accept  the  positive  statement  that  by  properly 
dioosing  a  nuinljer  of  haniiouiy  curves,  tlieir  amplitudes,  tlieir 
periods,  and  tlieir  jihasea,  and  by  compumiiling  these,  any  Peri- 
odic Curve  of  any  complexity  may  be  built  up,  provided  that  tlie 
curve  required  never  goes  ofl"  to  an  inliniLe  diatauce  from  the  axis. 
Conversely,  any  complex  periodic  motion  must  be  compounded  of 
and  may  be  resolved  into  a  definite  number  of  S.H.M.'s  of  definite 
period.%  definite  amplitudes,  and  definite  pha.iea.  In  onler,  how- 
ever, that  such  motion  may  be  periodic — that  is,  that  the  complex 
resultant  motion  may  accurately  repeat  itself  at  regiJar  intervals 
-^it  is  necessary  that  the  periods  of  the  component  S.H.M.'s 
should  bo  exactly  commensurate;  tor  if  they  were  not  so,  Uie 
resultant  motion  could  not  e.\uctly  repeat  itself,  and  would  not  be 
periodic.  Granted,  liowever,  the  periodicity  of  the  complex  motion 
and  the  limitation  mentioned  above  as  to  the  form  of  its  curve, 
Fourier's  theorem  states  that  any  such  motion  is  compounded  of  a 
definite  namheT  o(  commensurate  S.1I.M.'3 ;  and  this  is  true  not 
only  of  motion  roprcacnted  by  the  curve,  but  also,  with  wider 
interpretation,  of  any  phenomenon  which  the  curve  may  represent. 

Tide  Oalculatinf  Machine. — A  iiiimber  t«f  wheels  may  have  pre- 
arranged  velocities  iuipHTt*d  ha  theiu  by  Wiiif;  Jii-jiaiuloly  connected  wilh 
criuilu,  of  whicli  a  duuiIkt  are  actuated  by  tlie  Rtuuc  cluokwoTk,  tbrougli  the 
i:itei"V('nticm  of  loollied  wheels.  Thui  i\w  mecliajusni  of  Fig.  33  luay  bo 
iniiUipIk-il  uijil  any  uudiIkt  of  S.H.M.'»  niniuluTieoiiftly  prixlucv-ij.  If  the 
vxtrviuUtL-s  uf  the  i»'i:illatiii^  rt>ilt>  Im;  couuetital  by  a  t«iLi»c  uiiil  flviibk-  vuni, 
lluit  cord  will  bu  dratvn  ujjou  ur  lijtlik'ncJ  to  an  vxUiut  (]i;]ivii;iiiL^  at  vaeh 
iustoiit  ugxiti  the  poHition  u[  ilit;  whi-L-b.  One  extremity  of  this  uord  K-ing 
fixeil  to  an  iuiiiinTatilc  pnint,  the  nlhtr  mny  l>u  connected  witJi  a  ^--pring,  and 
the  varying  dinlArtiouB  of  thnt  spring  will  indicate  the  vaiying  Icnsicrns  nf  tile 
cord.  To  tomt:  point  of  tlto  Hpnii};  u  pencil  or  pen  may  be  nttnc^hed,  and 
Under  this  »ti ting-point  a  piece  of  pfti*!-  may  W-  unrolli-«l  at  a  rat«  proper* 
tiooed  to  the  vt-lucitv  of  the  cluckwork.     Wh.-ii  the  mechftiuun  is  set  in 


v.] 


FOrRIER  S  THEOREM. 


«7 


molioa  there  it  rccorde<l  upon  the  imrollitig  yapci  a  «nrve  vrhioli  reiireNats 
lh«  luiuuuliuu  of  all  the  S.U.&L'ti  which  on.-  Ijuiu^  exKuutvd.  The  piTlimiitar; 
mljiutujuot  cuEu-ii-u  ill  adjuEtiiL^  fur  eoizli  aIiulI  ihi.*  jKOjitiuu  uf  the  plu  which 
irurka  in  the  bIuI— tbi»  ivj'ulalin^  the  luniiUtudt:,  nnd  nUo  lu  niuUifyio^  lliu 
atigular  pceiition  of  ea<:]i  cmnk  ai>  as  ta  iv\'T\-seat  ihe  appntpriat*;  cpcK'h  of 
each  S.H.M.  at  the  inomcnt  of  Btarting.  A  machine  of  this  kini]  ennhW  a 
cuitl-  Ml  be  clmwii  ttft*r  pn^luuiiiftry  (ulJtuiAnient,  which  wpre«niit  the  hoi^hc 
of  the  tide  for  cverj'  moiiiL-nl  of  a  c-onKiilcrnhle  pt-riod,  such  as  a  yt'iir,  witlimit 
the  aid  of  further  calculation  ttuui  that  iiivolvu-d  in  dLdiiciug  from  ustmuomii:nl 
coruid^ratiuns^  and  from  the  tidal  n'mixl  of  a  -place,  a  knowledge  of  the  com- 
ponent [j,H,ll.''«.  thwr  res]>cdivc  jirriiols,  aniplituded,  and  epochi. 

Oscillatory  Movement  of  Systems  of  Particles. — Fn  Fig.  40, 
A,  B,  C,  I ',  etc.,  represent  a  muubev  of  particles  b  a  linear  series  at 
equal  distauces.  lu  the  lower  part  of  the  figure  the  same  particles 
aje  settn,  ejich  dcsenhiiij,'  a  circulnr  pnth  iti  tlie  piano  of  the  paper. 
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The  point  B  is  Teprcaented  as  being  J  peritxl  behind  A,  C  an 
e<iual  amount  behind  B,  and  so  on.  If  a  line  be  drawn  through 
the  positions  of  A,  li,  C,  P,  etc,  at  ft  given  iiistant,  it  will  be  aeeii 
that  the  system  of  j>articles  has  assumed  for  that  instant  the  fonu 
of  a  line  more  or  less  resembling  the  curve  of  sines.  If  such  an 
interval  of  time  be  now  supposed  to  ehipse  that  each  particle  has 
moved  forward  throufih,  say,  |  of  the  ctrctuuferenco  of  its  ciroular 
path,  a  line  mmilarly  drawn  through  the  then  position  of  the 

,iclc3  will  present  exactly  the  same  form,  but  it  will  lie.  as 
n  by  the  dotted  line  in  Fi^.  49,  at  a  .little  distance  ( =  Rl)> 
fVoni  it^  previous  position.  A  similar  result  is  obtained  after  the 
lapse  of  any  other  interval  of  time.  So  long  as  the  particles  con- 
tinue to  move  in  their  respective  circular  pntlis,  so  long  will  there 
appeientlybe  a  Travelling  of  a  Wave- Form  along  the  system 
of  particles.  Particles  whose  position  is  intermediate  to  tiiose 
shown  as  equidistant  will  be  found  to  occupy  intermediate  posi- 
tions on  the  same  line,  which  presents  no  abrupt  angles  but  is  a 
continuous  curve  ;  and  so,  if  we  roughly  represent  a  linear  system 
of  particles  by  a  chain  or  cord,  we  can  understand  how  it  is  pos- 
sible for  a  wave-form  to  run  along  such  a  cord  while  its  component 
material  particles  never  separate  themselves  by  more  than  a  certain 
distance  from  the  mean  positions  round  which  they  oscillate. 

Wave -Length. — Snch  a  wave-form  is  seen  to  consist  of  a 
suecoasive  at-ries  of  parts  which  rt'^semble  one  another.    lu  Fig.  49 
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the  pftrticle  B  and  the  particle  J  are  seen  to  he  at  the  fmnio  time 
in  their  position  of  inaximum  displacement  in  the  same  direction, 
and  the  form  assumed  by  the  system  between  B  and  J  is  repeated 
beyond  J  and  hehind  B.  This  distance  between  B  and  J  is 
called  the  Wave-length,  the  distance  hetweeu  a  point  on  one 
wave  and  a  similarly  siluateii  point  on  the  next  wave.  The  point 
of  maxiiuum  dUplaceiueut  in  one  direction  may  he  called,  from 
the  analogy  of  waves  un  the  surface  of  tlie  sea,  the  Crest  of  the 
wave  ;  the  point  of  maximum  displacement  in  the  opposite  direction 
may  in  the  same  way  he  called  the  Trou^^h,  aud  the  wave-length 
may  be  defined  as  the  distance  hetweou  crest  and  crest,  or  that 
between  trough  and  trough.  Each  wave  is  In  this  case  like  its 
successor  and  its  predecessor,  and  an  observer  stationed  at  a  fixed 
point  near  the  cord  would  perceive  a  succession  of  similar  waves 
passing  him,  MTien  the  wave-length  is  great,  a  smaller  number 
of  waves  will  pass  him  in  a  given  time  than  when  the  wave-length 
is  small;  twice  the  wave-length,  Iialf  as  many  waves  pass;  half 
the  wave-length,  twice  as  many  waves  ;  thus  the  number  of  waves 
arriving  at  a  given  point  in  a  givet*  time  is  inversely  proportional 
to  the  wave  leuyth. 

Velocity  of  Propagation. — If  the  particles  perform  their 
individual  revolutions  in,  say.  half  the  time  supposed  to  Imj 
taken  by  those  represented  in  Fig.  49,  and  if  the  amount  hy  which 
B  lags  behind  A  be  still  the  same  fraction  (^)  of  the  time  taken  hy 
each  particle  to  perform  a  complete  revolution,  shortened  thougli 
that  be,  the  form  assumed  hy  the  cord  will  he  the  same  as  in  Fig. 
49 ;  the  wave-length  will  he  the  same,  hut  the  wave  will  travel 
twice  fta  fast.  The  velocity  of  propagation  of  the  wave  would 
vary  directly  as  the  velocity  of  oscillation  of  each  particle. 

If,  however,  the  retardation  of  E  hehind  A,  of  C  behind  B, 
and  so  forth,  be  indefjeiident  of  the  rapidity  of  moUou  of  these 
particles, — if,  that  ia  to  say,  the  relardatiou  be  for  a  period  of  time 
which  depends  only  on  the  distance  hetween  the  particles,  then, 
whatever  the  rate  of  oscillation  of  the  particles,  the  wave  will 
travel  at  the  same  rate,  hut  the  wave-leugth  may  vary,  and  the 
form  of  the  wave  may  vary  with  it.     This  is  illustrated  by  Fig. 
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60,  ia  which  the  particles  are  represented  as  moving,  for  example's 
sake,  twice  as  fast  as  those  sbowa  in  Fig.  49  ;  while  the  interval  of 
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time  by  which  B  is  delayed  in  its  path  as  compared  with  A  is 
exactly  the  same  in  the  two  figures,  aud  therefore  iu  Fig.  5  0  twice 
as  large  a  fraction  of  the  circiunfereuce  expresses  the  difference  of 
phase  between  A  and  ii.  In  Fig.  49  tJio  differeaco  of  phase 
between  A  aud  li  is  aaaumcd  to  bo  repTeaented  hy  a  riifferonce  of 
45"  in  their  poaitions  on  their  nispcctive  circles;  in  Fig.  TiO,  tlie 
movement  being  twiwj  as  raiiid,  and  B  heiiig  retarded  by  the  same 
interval  of  time  as  in  Fig.  49,  A  mustassume  a  position  twice  as 
far  in  advance  of  B,  i.r,  90". 

The  results  shown  in  this  case  by  drawing  the  wave  in  angular 
outline,  are — (I)  that  there  arc  twice  as  many  waves,  the  wave- 
length being  half  as  great  as  in  the  previous  figure ;  and  (2)  that 
the  speed  of  travelling  of  the  wave-form  is  the  same  in  both  cases ; 
for  if  a  suQJcieut  time  be  supposed  to  have  elapsed  to  permit  each 
particle  to  have  performed  half  a  revolution  (this  correapoaditig  to 
the  time  allowed  iu  Fig.  49  for  the  accomplislimcnt  of  a  quarter 
revolution),  and  if  the  then  position  of  the  chain  of  particles  be 
investigated,  the  wave-form  will  be  found  to  have  travelled  for- 
wards through  a  space  which  is  the  same  as  in  Fig.  49.  If,  then, 
the  relative  retanlatiou  of  thij  particles  be  indepeniJcnt  of  tlm 
speed  of  the  particles,  the  lute  of  propiigatiou  of  the  wave-form 
will  be  constant,  and  the  only  efTcct  of  a  change  in  the  rate  of 
the  oscillation  of  the  particles  will  bo  a  change  in  tlic  wave-length 
and  in  the  comwponding  curved  form  assumed  by  the  chain,  and 
in  the  number  of  waves  which  pass  any  given  point  during  a 
given  interval  of  time. 

The  circiJa)-  form  is  not  a  necessary  attribute  of  the  path  of 
each  particle :  the  path  may  be  elliptical  with  a  similar  result, 
the  diOereDce  being  one  in  the  form  c£  the  resultant  wave. 

The  two  limiting  cases  are  of  great  interest.  These  atxi  (V) 
the  case  in  which  the  ellipse  ts  reduced  to  a  straight  line  at  riglit 
angles  Co  the  chain  of  particles  ;  and  (2")  that  in  which  it  is 
n»luced  to  a  straight  liue  in  the  Bunie  direction  as  that  chain. 
The  former  givt's  rise  to  Transversal  vibrations;  tlie  latter  to 
LoDgitudiual  vibrations. 

Transversal  Vibratioiis. — Eacb  particle  effects  a  S.H.M.  in 

a   *••••«*••••....•.•...-...•.■•.«■>*■•.. .i-.i. .■•.*>•*•-. ••***■■ 

*  y-. .....■■--■ ■■■-■^TTTT.-^^^-^ 

a  direction  at  right  angles  to  the  chain  of  particles.  In  Fig.  51 
arc  shown  (a)  the  series  of  particles  unaffected  by  vibration ;  (&) 
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the  snnio  particles  affocted  by  transversal  vibrations,  Dxecutlng 
S.H.M  .'fl,  the  phases  of  winch  differ  to  an  equal  extent  in  oqiiidistant 
pftrticlejj.  T!ii>  form  assumed  by  the  sj-stem  o1  particles  in  tljis 
case  is  exactly  the  curve  of  sines.  It  is  an  easy  matter  to  show 
in  this  case,  as  iu  those  previously  discussed,  that  as  the  particles 
perform  their  several  S.H.M.'s  the  wave-form  travels  along  the 
cord. 

Composition  of  Transversal  Vibrations. — U  is  quite  poe- 
Hible  lor  uu  iiideliuilti  cord  or  strict  of  particles,  such  as  the  one 
cuusidered  in  Uiese  paragraphs,  to  have  seveml  wave-muLiuus 
running  along  it  Bimultanemialy,  each  producing  its  own  effect, 
and  the  total  eflect  of  their  united  action  should  be  traceable  by 
some  process  of  composition  analogous  to  our  previous  composition 
of  simultaneous  movements.  There  arc  two  main  cases  to  be 
considered — (!)  that  in  which  the  vibrations  are  in  the  same 
plane,  and  (2)  that  in  which  they  are  not  in  the  same  plane. 

Transrersal  Vibrations  in  the  same  plane :  their  Com- 
position.— .Siute  the  ell'ect  of  tmnsvei'sal  vibrations  on  an  iude- 
finitu  straight  cord  is  to  cause  it  to  assume  the  form  of  the  cur\'e 
of  sines>aiid  since  each  vibration  »cts  independently  in  this  sense, 
the  effect  of  compounding  such  uioveuieuts  is  reduced  to  exactly 
the  same  problem  as  has  been  considered  on  pages  90-96,  and  there 
illustrated.  If,  for  instance,  wo  refer  to  Fig.  48,  tho  i-esultaut 
wave  on  a  perfectly  flexible  and  extensible  cord  on  which  tho  five^ 
wave-syatcms  there  represented  were  aimuitatieuualy  travelling, 
would,  for  the  instant  at  which  llie  phases  Impju-ned  lobe  m  there 
shown,  assume  the  form  there  drawn ;  but  when  that  wave  had 
travelled  a  little  way  along  the  eord,  the  relative  phases  of  tlio 
component  transversal  vibrations  would  have  altered,  and  the  wave 
would  thus  continuously  alter  its  form  from  instant  to  instant, 
returning,  however,  nearly  to  the  form  sliown  in  Fig.  48,  as  often 
as  the  same  coincidence  of  phases  recurred. 

Their  Resolution. — If  a  changing  wave-form  run  in  this  way 
along  a  uurd.  and  ii  the  same  form  recur  at  rcgidar  intervals,  the 
wave-form  passing  at  every  recurrence  tlirough  the  same  changes, 
then  Fonrit-r's  tlieorem  applies,  and  the  most  complex  phenomenon 
of  this  kind  may  bo  analysed  or  resolved  into  a  number  of  separate 
waves  whose  periods  are  coniucnsurahle,  runuiug  sinmltancously 
along  the  OA'vd. 

Transversal  Vibrations  not  in  the  same  plane :  their 
Composition. — Here  we  have  to  consider  two  cases — (1)  tliat  in 
which  the  vibrations  are  at  right  angles  to  one  another,  and  (2) 
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that  ill  which  they  are  iiot  so.  The  l&iiei  case  differs  from  the 
former  only  lu  the  fonii  of  the  curve  described  by  ench  particl& 

When  the  simultAneuus  vibratloas  are  in  planes  at  right  angles 
to  one  another,  the  motion  of  each  particle  in  confined  to  a  plane 
at  right  angles  to  the  line  of  tlio  cord.  In  the  plane  in  which  it 
moves,  each  particle  dcscrihra  patlts  such  as  those  exemplified  in 
figures  85-40.  In  these  fij^ures  AB  may  he  takeu  as  representing 
the  amplitude  and  direction  of  the  S.H.M.  in  one  plane,  and  CD 
as  reppesentirig  the  amplitude  and  direction  of  the  S.H.M.  in  the 
plane  at  right  angloa  to  it.  If  the  periods  of  the  component 
vibrations  be  not  the  same,  the  difterent  particles  of  the  cord  will 
be  in  different  phases  of  S.H.M.,  and  the  form  of  their  respective 
pallis  will  ilifTer ;  and  as  the  compound  wave  runs  along  the  cord, 
the  path  of  each  particle  'vv-Ill  pEiss  successively,  and  in  the  way 
exemplified  in  Fig.  41,  llirough  all  those  forms  which  arc  possible 
OB  the  res^Ul  of  the  rectangular  composition  of  S.K.M.'s  whose 
periods  are  those  belonging  to  tlie  wave-motions  whteh  am  to  be 
compounded. 

If  tlie  periods  of  the  vibrations  to  be  componndej  be  the 
some,  the  jioiiits  at  which  the  respective  curves  of  sjnea  catJSB  the 
line  of  mean  positions  will  he  the  same  for  each  vibration.  Hence, 
if  one  particle  describe  an  ellipse  or  circle,  all  the  particles  which 
are  in  motion  describe  circles  or  ellipses  similar  in  form,  though 
differing  in  size  or  in  thp  direction  of  motion  ;  while,  as  the  wave 
runs  along,  any  given  particle  will  describe  an  ellipse  or  circle 
•which  alternately  enlarges,  diminishes,  vanishes,  and  reappears, 
first  enlarging  and  then  diminishing,  but  in  the  reversed  direction, 
and  then  vanishes  to  reappear,  recommencing  the  cycle  in  the 
original  direction. 

This  kind  of  movenient  may  he  roughly  realiecd  by  taking  a  rope,  fixing 
it  at  one  end,  and  mpidly  roUUnf*  tlie  linnfl  which  hnlda  Ihe  fi-ee  rtud.  The 
Tope  asenmee,  tind  may  by  practice  nnd  dciteritj'  be  causcj  to  retain,  ii  form 
in  which  there  are  a  cprtaia  niimhcr  of  fixM  ]Hiint4,  the  iiiiml^r  of  which 
may  inc-reikae  with  the  rapidity  of  movement  of  ih<!  huiui.  On  p«c-h  in<le  of 
tbuc  atcAdy  points  the  piu-ticlcji  of  tlie  rope  ar«  <1e«ribJDB  cu-cIm  or  ollip«i« 
in  op}io«l«  directions.  If  ihin  rotulition.— inHeail  of  bein|>  sleAdy  in  its 
poeition — trarirvllp<1  alnnj;  a  rojit-  of  inil(.-tinite  tenjjtli,  it  will,  on  considen- 
Hon,  become  pkin  Low  ■  particle  wouM  rotate  first  in  one  direction  and 
then  in  the  other,  and  hoxF,  while  rotating  in  each  direction,  tbi!  extent  uf 
motion  u  at  first  smaU,  increoaea  to  a  maximum,  and  then  wanes  awuy  till  it 
▼inisbei,  Dg&m  to  rcapj>car. 

If  the  rectangular  \'ibration9  wliich  have  to  be  compounded 
be  more  than  two  in  unmher,  the  problem  of  hudiug  the  upproxi- 
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mate  path  at  any  instant  is  precisely  that  of  compounding  several 
S.H.M.'s.  Point  by  point  the  independent  displacements  produce*! 
by  each  S-H.M.j  whatever  the  plane  of  that  S.H.M.,  must  be  added 
together  and  tlie  r<?9ultant  points  joined. 

BesoluUoQ  of  Transversal  Vibrations  in  general. — In  the 
paragmph  illustrated  by  Pig.  42,  it  has  been  seen  that  auy  .S.H.M. 
may  be  resolved  into  any  two  others  in  directions  at  uuy  angles 
to  each  other.  The  oiJy  case  of  other  than  tbeoretical  interest  in 
itfi  appliuatiun  to  the  doctrine  of  transversal  vibnitions  is  that  in 
which  the  S.H.M.  is  resolved  into  two  components  at  right  angles 
to  each  other,  ttiese  components  then  being  of  the  some  period  and 
phase,  and  their  amplitudes  and  directions  being  represented  by 
the  Bides  of  a  rectangle  of  which  the  diagonal  may  in  the  same 
respects  represent  the  original  S.H.M. 

If  a  simple  transversal  vibration  in  one  plane  were  prevented 
from  taking  place  in  a  direction  at  right  angles  to  that  plane,  such 
prevention  woidd  be  superfluous,  and  the  vibration  would  not  be 
affected.  If  it  were  prevented  from  taking  place  in  the  plane  in 
which  it  is  actually  occurring,  obviously  the  vibration  would  cease. 
If,  again,  it  were  hindered  by  some  cause  which  prevented  any 
movement  in  a  given  plane  inclined  to  the  plane  of  vibration  at 
an  angle  intermediate  to  these  extremes,  then  a  reference  to  Fig.  42 
will  enable  us  to  see  that  if  a  vibration  in  a  plane  passing  through 
AB  be  prevented  from  effecting  any  movement  relative  to  a  plane 
passing  through  yy^,  the  result  is  ns  if  the  vibration  in  the  plane 
AB  bad  been  broken  up  into  two  components  of  the  same  phase 
and  periail  as  the  original  one,  and  executed  in  the  planes  xx^  and 
yy^  rcBpectively,  and  the  latter  of  these  tlieu  extinguished ;  there 
is  thns  left  only  a  vibration  in  tlie  plane  asr-^,  the  amplitude  of 
which,  as  compared  with  that  of  the  original  vibration  in  the  plane 
passing  through  AB,  depends  on  the  angle  between  AB  and  xx^ 
being  proportional  to  the  cosine  of  that  angle. 

Ltt  now  the  plane  yy^  rotate  round  the  centre  O  ;  when  ita  porition  ie  at 
right  An;;lc»  l/i  AB,  aa,  BWerija  round  em  a«  to  coind^o  with  AB,  nnd  there  is 
neither  diminution  of  Uie  vibmtion  in  Qniplituct«  nor  change  in  its  rlirection  ; 
when  yy,  coinciika  with  AB,  xx^  in  reduced  to  nothing,  iind  the  vlhration  is 
<-(nii|ilfti-ly  fltoppc-J  :  hctwcin  thtw  limits  there  is  an  indefinite  namfctr  of 
po«itioii»  of  yy^,  and  fin  indefinite  number  of  corresponding  values  of  anipli- 
tude  uf  thn  n-^ultuiit  vibratiun  in  xr,  as  that  pUue  rwevpa  n>imd  «t  ri^it 
anglca  to  yy,. 

What  is  thug  true  of  one  transversal  vibration  is  tnic  of  each 
of  all  those  which  may  be  running  simultaneously  along  the  cord ; 
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and  as  Lhe  effect  of  inhibiting  vibration  parallel  to  the  plane  of 
y.'//  (*"•"•  "iS)  is  to  restrict  it  to  that  of  aar^,  whntever  the  ori^nnl 
direction  of  AB,  so,  if  a  number  of  wnve-motions  affect  the  same 
cord  aiinultaucously,  and  if  the  cord  be  restricted  from  executing 
(iny  ^^b^atiorls  Trhatsoevcr  parallel  to  a  certain  plane  yy ,  the  result 
will  be  a  more  or  leas  complex  vibration  restricted  to  the  plane 
scXf  at  right  angles  to  yy^  H  we  can  suppose  such  a  cord  along 
which  a  number  of  waves  are  running  to  be  passed  through  a  slot 
iu  a  thick  wall,  so  that  all  vibmtions  in  a  direction  at  right  augles 
to  this  slot  are  completely  prevented,  and  if  then  the  same  curd 
be  passed  through  another  such  tih»t  placed  at  right  anglt-s  to  the 
firsty  all  vibration  whatsoever  will  be  prevented  in  the  part  of  the 
cord  which  Lies  beyond  tlie  second  slut,  and  that  part  of  the  cord 
will  be  at  rest.  If,  however,  the  second  slot  be  inclined  at  any 
other  than  a  right  angle  to  the  first,  a  certain  amount  of  vibration 
will  pa.sa  through,  which  will  be  executed  in  the  plane  of  the 
second  slot,  and  the  amplitude  of  which  will  be  proportional  to 
the  cosine  of  the  angle  between  the  two  slnt* ;  in  this  way  the 
more  nearly  the  two  slots  coincide  in  direction  the  greater  the 
amplitude  of  that  vibration  which  affects  the  cord  beyond  the 
doable  obatmction.  This  is  understood  to  bo  the  kind  of  fact 
which  underlies  some  of  the  pheuomuuu  of  Polarised  Light. 

Longitudinal  Vlbrationa.  —  The  other  limiting  ca^e  of 
vibratioria  of  a  Hnear  serii'S  of  particles  spoken  of  on  page  99, 
waa  that  in  whicli  each  particle  performed  n  S.U.M.  in  the  direc- 
tion of  the  line  of  partlclea  The  result  is  represented  in 
Fig.  63,  in  which  a  indicates  the  primitive  poaition  of  the  particles 


when  at  rest ;  and  fi,  c,  rf.  their  positions  after  equal  inter%-ala 
of  time  when  oscillating  in  this  way.  Each  particle  has  ita 
amplitude  of  \'ibration,  may  be  in  a  certain  phase,  and  have  a 
certain  period  of  oscillation  :  the  wave-motion  runs  aloug  the 
vibrating  cord :  several  wave-motions  of  this  kind  may  simul- 
taneously affect  it ;  and  a  complex  longitudinal  wave-motion  may 
be  analysed  into  simple  wave-motions,  as  in  the  preceding  pnra- 
grapliB  we  have  seen  that  we  may  analyse  a  complex  transversal 
wave  into  its  comporients.     Tiie  study  of  this  kind  of  vibration 
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is,  however,  greatly  facilitated  by  giving  an  artitrury  representa- 
tion to  tlie  furin  of  the  wave.  IE  tlie  disturtmuce  represented  in 
Fig.  62  b  be  Ludiotted  by  drawing  Hnes  at  rigbl  angles  tu  the  iisc 
of  primitive  posiUon,  each  of  these  lines  having  a  vertical 
height,  positive  or  negative,  equal  ta  the  horizontal  displace- 
ment of  the  corrcspondiiif;  particle  fonvords  or  biickwanis  in  Uie 
tine  of  the  cord  ;  by  joining  the  extremities  of  these  onlinates 
we  shall  produce,  as  has  been  done  in  Fig.  52  f.,  a  eur\'ed  line 
whicli  is  the  curve  of  sines  or  harmonic  curve,  Hiinjile  or  oom- 
pouDd,  with  which  we  are  already  familiar,  llie  interpretation 
of  such  n  curved  line  would,  however,  Ijc  different  in  the  case  of 
a  longitudinal  vibration  from  that  of  the  same  tomi  in  the  case 
of  transversal  Wbrations.  In  the  latter  case  the  curve  represents 
the  actual  form  assumed  by  the  cord :  in  the  former  case,  that  of 
the  longitudinal  vibrations,  it  only  indicates  from  point  to  point 
the  extent  of  the  departure  of  the  corresponding  particle  from  its 
primitive  position.  It  is  of  great  importance  to  observe  that  in 
a  longitudinal  vibration,  whoro  there  is  the  greatest  displace- 
ment, there  is  tlie  lea.9t  crowding  together  of  the  line  of  particles, 
tlje  least  density,  and,  vivr  versd,  tliat  in  the  centm  of  each  spot 
of  maximum  density  or  compression  is  one  particle  which 
occupies  its  original  pasition,  and  thus  is  situated  at  the  point  of 
least — i.f.,  zero— di.iplacement. 

We  have  hitherto  supposed  the  vibration  to  be  permanent, 
and  to  be  kept  up  by  a  continuous  and  periodic  movement  of  each 
of  llie  particles  of  a  linear  body.  Let  it  be  now  supposed  that 
there  is  some  relation  between  the  particles  of  this  linear  body, 
such  that  when  one  particle  is  displaced  it  executes  a  S.H.M.,  and, 
in  some  way  exerting  Force  upon  them,  it  induces  its  ucighboure  to 
commence  executing  similar  8.H.M.S  following  its  own  at  intuiTals 
of  time,  and  therefore  with  diflereuces  of  phase,  cfjrrespouding  to 
their  respective  tiistances  from  it.  The  result  will  be  as  shown 
in  Fig.  5^.  There  the  cord  is  first  seen  undisturbed;  then  the 
particle  A  being  disturbed  moves  in  S.H.M.,  and  sets  the  follow- 
ing particles  B,  C,  etc.,  in  motion.  On  comparing  h  and  c  it  will 
be  sGcn  that  the  Wave-Form  travels  along  or  is  propagated,  the 
"Wave-front"  travelling  onward.'?  with  a  velor.itv  equal  to  that  of 
the  permanent  wave  dciicrihed  in  the  preceding  paragraphs. 

If  the  tlisturheJ  particle  A  do  not  oscillate  continuously,  but 
travel  once  merely  through  a  complete  S.H.M.,  the  figure  o'i  j 
shows  chat  a  single  wave  is  propagated,  leaving  at  rest  the  part  of 
the  cord  which  it  has  traversed,  and  continually  displacing  fresh 
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particlea  if  the  cord  he  of  indefinite  length.     If  the  motion  of 
each  particle  he  not  completely  extin^iished  after  the  execution 
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of  one  exact  S.H.M.,  but  dwindle  away  with  diminishing  ampli- 
tude, the  wave  is  not  single  but  is  followed  by  a  certain  number 
of  shallower  waves  which  presently  die  away.  If  the  wave-motion 
be  kept  up  by  a  continuous  supply  of  energy,  there  may  be  a 
continuous  sticcesaion  of  waves,  eqiudistant  and  following  one 
jther  at  equal  intervals  of  time.  Tlie  distance  between  any 
']|>oint  in  one  wave  and  a  precisely  similar  point  iu  its  prudecussor 
or  successor  is  the  vxivt-lcmjth  of  the  wave  ;  the  distance  tra- 
versed by  a  given  wave  during  one  second  is  the  velocity  of  pro^ 
pagtUion  of  the  wave,  and  this  velocity,  divided  by  the  length  of 
each  wave,  plainly  gives  the  number  of  waves  which  pass  a  given 
spot  during  a  second  of  time,  or,  in  other  worda,  the  Frequency 
of  the  undulation ;  while  the  reciprocal  of  this  number  gives  the 
length  of  time  taken  by  a  single  complete  wavu  in  passing  a  given 
spot,  and  therefore  denotes  the  period  of  a  single  oscillation. 

If  A  be  the  wsve-len^h,  v  the  velocity  of  propagation,  and  n  the  fre- 
■jtWDcj*  or  nmulier  of  leaves  per  Becond,  T  the  period  of  each  wuve, 

ti  =  nA  =  —  ■ 

In  these  cases  of  prop^ntion  of  wave-motion  along  a  linear 
body  the  wave-front  implicates  only  one  particle,  and  ita  form  is 
accordingly  a  single  point.  The  amplitude  of  the  wave  as  it 
travels  along  will  bo  constant  if  no  energy  be  lost  by  the  way. 
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Waves  on  a  surface. — On  a  surfoM  there  may  ran  from  a 
starting  point  waves  of  compression  ami  rarefaction  in  the  plane 
of  the  surface,  or  waves  of  vibration  transverse  to  that  plane  If 
one  point  lie  disturbed  the  disturbance  is  propagated  in  all  direc- 
tions. If  this  be  eciually  in  iiU  dii'ectiona  the  wave-front  will  be 
circular;  if  the  material  be  sueli  that  the  velocity  of  prcpaj:atiou 
ill  Olio  direction  dlEfurs  from  tliat  at  riglit  angles  to  it,  the  result  will 
be  an  elliptical  wnve-fronU  In  Fig.  54  is  shown  a  wave  in  a 
mcmhrano  (an  ideal  solid  whicli  has  length  and  breadth  but  In- 
definitely amall  thickness),  wliosc  structure  m  such  tliat  the  dis- 
turbance is  propaj^nted  equally  in  all  directions ;  and  at  t,  m,  n, 
three  points  are  shown  which  themselves  act  as  centres  of  disturb- 
ance, and  the  wave-front  is  pn)pagatcd  to  I',  m',  n',  the  whole  still 
retaining  ita  circular  form.  In  the  same  way  each  point  on  an 
elliptical  wave-front  may  act  as  the  centre  of  an  elliptical  dis- 
turbance which  keeps  up  the  propagation  of  an  elliptical  waye. 
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In  Fig.  54  it  will  be  seen  that  the  Hnea  W,  mm',  nii',  are  part?  ot 
radii  of  the  circles ;  and  these  lines  are  hence  at  right  angles  to 
the  circles  at  /,  m,  n,  and  also  at  /',  m',  ?i'.  The  normal  (i.f.,  a 
line  perpendicular  to  the  tangent)  to  the  wave-front  at  any  poiot 
at  any  iastaut  is  also  normal  to  the  corresponding  part 
of  the  wave -front  at  any  succeeding  instant  if  the 
medium  be  isotropic,  i.e.,  if  the  velocity  of  propagation  be 
equal  in  all  directions.  If  wc  know  the  form  of  the  wave-front 
at  any  instant,  and  desire  to  Icam  its   form  after  any  given 
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interval  of  time,  this  may  be  done  by  drawing  normals  to  the 
original  wave-front  equal  to  each  other,  and  of  lengths  corres- 
ponding to  tho  time  indicated,  and  by  joining  their  extremities. 
In  this  case  we  simply  obtain  a  circle  surrounding  a  circle,  but 
we  shall  soon  come  upon  cases  in  which  the  result  ia  not  so 
extremely  simple. 

When  the  initial  disturbftnce  is  single  the  wave  which  is  pro- 
duced is  also  siogle.  The  energy  imparted  to  tlie  system  by  the 
single  disturbance  remains  a  fixed  quantity.  As  the  circular 
wave  progressively  increases  it  acts  upon  material  whose  mass 
increases  with  the  radius,  the  energy  iupartcd.  to  cacL  particle 
varies  inversely  as  tlie  radius,  and  the  aniplituilu  of  movoment  of 
each  particle  in  its  S.H.M,  varies  inversely  as  the  sqnoro  root  of 
the  radius.  In  this  way  the  further  the  wave  has  travelled  from 
ita  centre  of  disturbance  tlic  slmllower  it  becomes. 

At  two  ioatanto  of  timo  the  resp^cttTG  radii  of  the  circular  wave  arc  r  and 
r,,  and  the  roaxtmum  Te]<x:ities  of  the  partielcn  affect«Hl  v  mid  v^  L«t  m  he 
liie  atiionut  of  moM  afTected  per  unit  (if  lengtli  of  the  vrnve-fmiit.  The  whole 
nuMi  wt  in  motiim  >»  nt  the  two  KiiccL-HSLVtt  iiutuntii  Sirr.m  and  S]rr,.m.  But 
t])«  cner;^  »  coiwtant,  and 
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But  the  amplitude  of  a  S.K.M.  i»  projiortioDal  to  the  Telocity  with  which 
Ihe  imrticld  pama  its  mean  pmiUon  ;  for  the  vi'lucit;  in  the  circle  of  nafer- 
ence,  which  is  L>quiil  tu  the  vclucii}-  at  tlit.*  middlu  point  of  thu  S.U.M.,  ia 

Sir  X  radius  of  cirdo     2ir  ...  j        i  .i.  i-.  j       tr       t 

— B.  —  X  amplitude,  wliencv  the  amplitude  —  V  x  -.  . 

Time  t  *^  2«r' 

anil  tlif^rcfore  viiried  a."*  the  velocity.     The  anipHtiideit  thtrvfore  vary  inversdy 
M  th<'  «innri-  root:  nf  th*'  ndiilP  nf  tlie  wnvc. 

Waves  propagated  in  a  tridimensioiial  Bubstance. — The 
solid  figitre  whose  surface  is  everywhere  at  equal  distances  from 
its  centre  is  a  globe  or  sphere.  If  a  disturbance  at  a  point  he 
propagated  with  equal  velocities  in  all  directions  in  space,  the 
form  of  tho  wave-front  will  be  spherical.  If  the  velocities  be 
unequal,  the  wave-front  will  bo  ellipsoidal  or  spheroidal  As  the 
distance  from  tho  centre  increases,  the  oniptitudcs  of  oscillation 
of  the  particles  will  diminish,  for  they  vary  inversely  as  Uie 
distance  from  the  centre  of  disturbance.  . 

When  the  rndiiid  of  th(>Kpherical  wave  changRs  from  r  tor,  thaanMiatiB 
motion  beeomt*  greater  in  tlte  proportion  cf  r^  to  r/-*  ;  tut  theenngy,  nUeh 
ia  equal  to  Sirr^,  or  BflT,**,',  remains  conatant      Therefore  t^i^  «■  »",••,', 
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und  — i-  -■  — ,  or  the  retocily  of  the  porticlcA  variea  invcredy  aa  the  radius 

oE  the  wavc-fmnt.     But  the  ainplittide  variea  w  the  velocity,  And  therefore 

raiiea  invtjrwly  ax  tli«  mdius  or  t)i«  liidtaiirc  of  lln^  w«vc-froiil  from  the 
centre  of  diHturbmiw  ;  and  th*  encrgj'  of  motion  of  euch  partick- — that  in,  the 
Intensity  of  ita  vibration — variesse  the  square  of  ttie  amplitude,  and  therefore 
inYir«:ly  a.*  ihu  ttquoi'u  of  tlie  radiua.  This  corresponds  to  the  statemeat  that 
the  intf-'oeity  uf  Light  varies  inversely  iw  tlie  equuztt  of  tlie  distance  from 
the  iUniiiinatinn  [loiiiL, 

Concentric  Waves. — In  all  these  cases,  if  the  primitive  dis- 
turbance be  repeated  at  regular  intervals,  the  wave  system  will 
assume  the  form  of  ec\uifUBtant  and  concentric  waves  of  circular, 
elliptical,  spherical,  ellipsoidal,  spheroidal  form,  as  the  case  may- 
be. If  the  primitive  disturbance  be  repeated  at  irregulai'  inter- 
vals, the  waves  will  still  be  concentric  but  not  equidistant,  and 
they  will  arrive  at  any  point  in  an  order  of  irrcfiular  sequence 
exactly  reproducing  the  iiTegiJarity  of  the  central  disturbance. 

If  tlie  central  jiarticle  be  Bfletrted  by  complex  periodic  disturb- 
ances, these  will  be,  as  regards  the  period  and  tlie  phase  ad  well 
as  the  relative,  but  not  the  ahsoluLe,  am]>]itude  of  every  com- 
ponent motion,  faithfully  reproduced  iu  the  motion  of  any  pHrticlc 
of  the  system  affected  by  the  resultant  complex  wave-motion  ; 
and  this  motion  of  such  a  particle  may  iui  many  experimental 
instances  l>e  taken  cO'gnisance  of  by  an  observer. 

Direction  of  the  ware-front. — When  a  wave  is  said  to  be 
at  a  certain  time  and  place  travelling  iu  a  certain  direction,  it  is 
meant  that  the  normal  to  thw  wave-frout,  a  straight  line  drawn 
at  right  angles  t«  the  wave-front — i.e.,  at  right  angles  to  its  tan- 
gent or  tangent  plane — takes  the  direction  said  to  bo  that  of  the 
wove  itself.  In  Kig.  54  the  lines  jr  and  st  indicate  the  directions 
of  the  circular  wave  at  the  points  q  and  s. 


Plat  wave-front. — Tlie  nearer  the  centre  of  disturbance  the 
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more  marked  tlie  convexity  of  the  wave-front ;  the  further  the 
centre  tlic  tJatttr  the  wave-front :  wheu  the  centre  of  disturbance 
ia  very  far  tlie  wAve-froiit  may  fur  any  small  area  be  regarded  as 
approximately  plane,  just  as  any  small  portion  of  the  surface  of  a 
very  large  sphere  may  be. 

If,  again,  all  the  points  of  a  plane  surfao;  act  as  centres  of 
disturbance,  then  in  the  immediate  proximity  tlicre  may  be  a  flat- 
frouted  wave  If  the  disturbed  siirfac*?  1^  represented  in  section 
by  AB  in  Fij^.  fifi,  the  wave-frfmt  will  he  flat  opposite  its  centre. 

Modiflcationa  in  the  Form  of  a  flat  Wave-Front. — Throiigli  the 
Dpper  uiil  ciHiliT  lAyc-rs  of  tlic  atiiioHplicrc  wavf^a  trnvel  yriHi  Icm  rapidity  than 
they  do  ihroii^b  the  lower.  A  flat  wave-front  is  thiis  diitturtm),  its  upjwr  part 
travels  with  the  leant  veluoit)-,  tmd  tli«  wave-trwnt  cvmut  to  coQverge  upwanls. 
Poinu  oo  a  lbv«l  witli  tliv  puiiiC  of  diiturbaiicu  titay  ronuun  umtlTuctcd,  for 
the  'n-avl^frDut  u,  in  Lhi;  luuiu,  ri'stricted  Ui  its  Dormals,  uid  Ihu  tuiuiil 
ascondi>.  [f,  LowL-vvr,  tlivre  la-  a  moveuiunC  (sucL  us  ttiat  due  lu  wiud)  in 
wliicli  the  upper  Elrata  more  more  rapidly  thati  the  lonvr,  it  is  not  difficult 
to  xee  that  tliu  wavu-frtiiit  in;iy  criiiii!  to  hvar  down,  aiul  tliat  rtound-wavea 
nuy  thiiA  iijtp'ar  to  tni^vl  with  Ibc  wind,  and  If  \ni  liest  htnnl  at  cortain 
dtstAtKea,  which  depend  upon  the  speed  of  the  wind. 

Wave  passing  through  an  ap«rtare. — If  a  flat  wave  im- 
pinge upcin  an  ob- 
stacle containing 
an  oriiice,  it  will  in  \ 
part  be  propayatud 
through  thatorilice. 
If  the  orifice  lead 
into  the  lumen  of 
a  cylindrical  tube 
whoee  diameter  is 
the  same  as  that 
of  the  orifice,  no 
lateral  expansion 
of  tJie  wave-front 
is  possible  in  that 
tube.  If  there  be 
no  such  tube,  there 
may  or  there  may  not  be  expansion  of  the  wave  beyond  the 
orifice.  Such  exi>ausiou,  if  it  take  place  at  all.  will  take  place 
in  the  way  shown  in  Fig.  56.  The  disturbed  particles  in 
the  aperture  act  as  centres  of  disturbance  to  those  Ijing  beyond. 

There  is  a  curious  proposition,  the  nature  of  the  proof  of 
which  will  be  indicated  furtlicr  on,  that  if  the  apartuTe  through 
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wbich  a  wave  passes  be  sm/tll  in  comparison  with  (he  wnvt-Ungth, 
there  will  be  expansion  of  the  wave -front,  auch  as  tbat 
sbowti  iu  Vig.  ^G;  that  if  the  aperture  be  wide  in  comparisou 
with  the  wave-leugtb,  the  wave  will  only  travel  iu  the  directiou 
of  all  the  lines  drawn  iiomial  tu  that  part  of  it  which  passes 
througli  the  aperture,  tlie  wave  therefore  travelling  with  a  corres- 
pondingly limited  amaunt  of  expansion  or  none  at  all;  nrhile 
for  conditions  intomiediatc  there  will  be  a  certain  amount  of  ex- 
[>anaiun  Ifeyrjnd  the  limitation  indicated  by  the  noi-niale. 
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Whuii  a  wav«-molion 
piuwed  tliFuti^li  nil  apvrtun) 
relatively  widi;,  then  the 
caaes  are  three  : — 

(a.)  The  Wiive-ftoftt  may 
lie  /rtf,  fw  in  FJR.  57«,  in 
wliicli  i*fi«i!>  it  iW»  not  ex- 
pBii<3 :  this  IB  the  condition 
of  a.  "parallel  beam" 
of  light 

(t>.)  It  iiiuy  be  OMtvex,  at 
in  F'm.  blby  in  whicli  ca» 
tJio  wavf  -  front  espasds, 
being  limited  by  the  nor- 
mals pq,  Tt.  Thift  in  the 
condition  of  a  "diver- 
gent beam"  of  light. 

(c.)  It  may  in  aome  case* 
be  conat.iv,  iii  which  cmae 
t]io  WKVc  -  frijTit  firxt  con- 
tmctx  and  tlii-n  cxpunda: 
tbis  iw  the  couditinn  of  a 
"eoDverpeat  beam"or 
'■convergent  pencil  of 
rays"  passing  througli  a 
'•Focus." 

When  a  wave  -  front 
passes  ihrouph  a  fociia,  ei- 
actly  or  Approximatidy,  the 
enei^y,c'onsla»t  iniunount, 
in  clisthbiili-il  (ivur  a  cnni- 
l»irutivcly  umall  fiold,  and 
the  intensity  of  distnrbance  va  at  th«  focus  coiTewpwriiiinKly  grBSt. 

Keflezion  of  Linear  Wares. ^If  a  linear  longitudinal  wave 
of  compresaion  he  iuciiileiit,  or  impinge,  on  an  obstacle  so  firm 
that  the  iirst  particle  of  it  at  which  the  wave  airivea  does  not 
move,  there  is  then  produced  between  tliiia  first  ijarticle  of  the 
obstacle  and  the  neatest  particle  of  the  vibrating  cord  (which  we 
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shall  represent  as  partlcio  t)  a  Compression  which  results  in  part- 
icle i  ruboumlin;*  at  a  ratw  enual  t)  tlial  with  wliich  it  struck 
the  obstacle — that  is,  with  veloi;it.y  v^ — but  iu  the  opposite  direc- 
tion, and  in  its  then  meeting  the  next  particle,  ii,  as  it  comes  up 
with  velocity  v^^. 

We  may  here  borrow  a  proposition  from  the  theory  of 
Elasticity,  which  shows  that  if  two  equal  elastic  bodies  meet  one 
another  and  rebound,  they  will  do  so  with  exchanged  vclocitiea. 

Particle  t,  meeting  particle  it,  exchanges  velocities  with  it; 
t  aociuires  velocity  i\f  and  returns  towards  the  obstacle ;  ii 
acquires  v^.  Particle  i  strikes  the  obstacle  with  velocity  v^^  and 
rebounds ;  in  the  meautime  particle  u  has  acquired  velocity  v^^^ 
by  exchange  with  particle  Hi.  When  particles  i  ami  ii  again 
meet,  i  is  iuipellml  tuwanis  the  obstaclo  with  velocity  v^^^  and 
the  backward  velocity  n^^  ia  imparted  to  particle  K  So  on :  the 
particle  i  succtissively  strikes  and  rebounds  from  the  obstacle 
with  each  successive  velocity,  v^,  v^^  v^^^  v^^^^,  etc. ;  at  the  some 
time  die  backward  speed  v 
ia  transferred  successively  to 
all  the  particles  ii.  Hi,  tf, 
etc.,  and  is  followed  by  the 
successive  velocities  v^^,  v^^^, 

^tM'  ***■  '^^*^  consequence 
is  that  just  as  the  end  ol  the 
wave  is  being  dashed  a^'aiusL 
the  obstacle,  a  wave-frout 
exactly  like  the  original  one 
is  travelling  away  from  the 
obstacle  at  the  distance  of 
one  wave-length.  Tho  "  rc- 
tiectctl  wave  "  has  travelled 
through  the  incident  wave, 
and  then,  becoming  clear  of 
it,  travels  alone,  equal  to 
the  incident  wave  in  wave- 
length, in  period,  in  phase, 
and  iu  amplitude,  but  op- 
posed in  direction. 


Iu  Fig.  £8  a  wugle  vave  is  q 

■howu    niiLning    along    il    c»nl  * 

otpuEuil    a    Bx«d    obvtaciv    AB. 

B«)roiid  the  obstacle  thin  lines  ahow  the  course  wliidi  tEie  wuvc  wuuld  liavo 
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bikcn  liftfl  fhe  eonl  not  b«cti  intorruptcd.  To  the  left  of  AB  light  dotted 
Unca  iiidicatt  iLc  courec  of  the  rctlectcd  WftTC.  The  li)j;lit  dotted  linea  are 
BMn  to  be  of  exiictl7  the  mme  form  aa  the  thin  linoa  within  AB,  but  lurntd 
filiarply  in  the  reverse  direttion  at  the  surface  of  inipail.  The  i*fiectiil  wave 
i*  then  a  direct  contttiuatiuii  of  the  iiK'idcut  wave  in  nil  but  direction. 

If  of  iucideiit  waves  tliere  be  a.  auciiessioii,  siiuple,  complex, 
regular,  irregular,  all  these  ptculiajities  will  he  faithfully  repro- 
duceJ  iu  tli«  rytiecUid  wave. 

Wbut  has  been  atiid  of  a  wave  longitudinal  and  commencing 
witli  11  cyinpression  may  be  easily  modified  so  as  to  become 
generally  applicable  to  the  explanation  of  any  kind  of  linear 
undulatory  disturbance.  If  the  obstacle  Btand  fast,  it  is  a  matter 
of  indifference  whether  it  bo  composed  of  matter  whose  particles 
lie  more  or  less  clost-ly  together. 

Special  cmisiderat  ion  of  the  reflexion  of  waves  traversing 
space  of  two  dimensions  may  he  omitted. 

Refleiioii  of  a  plane  wave-front  at  a  plane  surface. — If  a 

plane  wuvti-fronl  iii<^t  a  plant;  surface,  any  tjectioti  through  the 
wave  and  surface  will  present  a  condition  such  us  that  sliuwn  in 
Jfig.  5  9.    The  line  A13  rtprtsents  the  wave- front  advancing  ;  CD 


PiK-SP. 


a' 


represents  the  surface  un  which  it  impinges.  Every  jmint  in  the 
wave-front  acts  as  a.  centre  of  disturhnncu.  Thus  the  wave-front 
advances  parallel  to  its  former  piano  forms.  After  the  lapse  of 
a  certain  time  the  whole  of  the  wave-front  has  impinged  on  the 
obstacle ;  what  is  then  its  condition  ?  The  part  of  the  wave  cor- 
responding to  the  particle  A  would  have  tmvelled  as  far  as  A'  if 
there  had  been  no  obstacle.  After  reflexion  it  has  travfrlled  to  a 
corre3[>ojiding  extent  in  sume  direction  tending  away  from  the 
surface — tluit  is,  to  some  point  on  the  circumference  of  a  circle, 
the  centre  of  which  is  at  A,  and  the  radius  of  which  is  AA'.     So 
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the  part  of  the  wave  indicated  by  b  would  have  reached  h' ;  tiie 
line  11/  crosses  the  surface  at  E ;  that  part  cf  the  wave  is  re- 
flected to  a  distance  limited  by  a  circle  whose  centre  is  the  point 
£  on  the  surface,  and  whose  radius  is  the  distance,  Eb',  between 
the  surface  and  the  position  at  which  the  wave-front  would  have 
arrived  if  there  had  been  no  oh-staclo.  By  drawing  a  Bufflcient 
number  of  circles  in  this  way  we  see  that  tlie  aggregate  disturb- 
ance producas  a  plane  wavo-fn>[it  A"B'  receding  from  the  aurfaco 
CD.  If,  as  it  approached  the  plane  surface,  it  had  been  parallel 
to  that  surface,  it  would  retrace  its  path.  If  it  had  approached 
the  surface  obb'qucly,  so  that  the  direction  of  the  wave  makes 
an  angle  6  with  the  nonnal  to  the  surface,  the  direction  of  the 
receding  wave  will  make  an  equal  angle  0  with  the  normal,  but  on 
the  other  side  of  it.  ITiis  is  expressed  by  saying  that  the  Angle  of 
Incidence,  $,is  equal  to  the  Anglo  of  lieflexion;  these  being 
undetBtood  to  be  angles  made  between  the  direction  of  the  wave 
and  the  normal  to  the  surface,  or,  what  aitxiniits  to  the  same  thing, 
between  the  plane  of  the  wave  and  the  piano  of  the  surface. 

Thu  vami:  prupokitiua  uiay  be  otbenvisc  demonetratcti].  Iji  F'l^.  60  lut  AB 
represent  tho  diructic>ii  of  a 
wave,  and  CD  llis  reQecL- 
ing  plane  snrfaw.  Even,- 
movement  of  the  rihralii))* 
bodj  with  reference  to  tlie 
direction  AB  nmy  bp  »- 
iiolved  into  two,  these  bfiing 
lefenvil  to  Lhe  axisi  By  aa<l 
Bz.  On  i-ellexicin,  t!ie  coui- 
poncnt  in  yQ  bus  it«  direc- 
tion n'vetwwJ  J  that  to  the 
directioa  xB  ia  not  thus  in-  "  "  " 

terfered  with.  Al^r  reHexion,  nn  recotnjMiunciini;  Lliu  cutupuneaU,  the 
rwultunt  ii>  fuaml  to  l>u  a  diritiirbaiia!  similar  to  the  uriginnl  one,  but  tu  the 
direction  6A',  while  the  angle  ABy  in  equal  to  the  on^le  yBA'. 

KeOezion  of  a  corred  waTe-firont  at  a  plane  sozface.— If 

&  wavu-frimt  bu  curv(-d,  it  may  be  considered  as  cousiating  of  a 
very  large  niuuber  of  very  small  piano  surfaces.  To  each  of  these 
a  normal  may  be  drawn ;  each  such  normal  indicates  the  direc- 
tion of  the  corresponding  part  uf  the  wave-front ;  the  angle  which 
each  such  normal  makes  with  the  reflecting  surface  when  its  own 
part  of  the  wave-front  strikes  the  obstacle  is  the  angle  of  inci- 
dence ;  to  this  angle  the  angle  of  reflexion  for  that  part  of  the 
wave-front  must  be  equal 

Let  the  convex  ^herical  wave-front  AB  strike  the  surface 
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CD.     Each  part  of  tbe  wave-front  is  reflected  at  its  own  (tngle. 
The  result  is  the  reflexion  of  a  convex  wave  which  is  of  the  same 

form  as  AB  would  have 
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fliSsntiied  in  the  time,  but 
which  travels  in  the  op- 
posite directioQ.  Such  a 
wave  is.  in  efitict,  exacUj 
such  a  wave  as  would 
have  travelled  from  the 
point  C  as  far  behind  the 
reflecting  surface  as  O  is 
in  front  of  it. 

In  the  same  figure,  if 
the  directions  be  reversed, 
80  that  a  concave  wave- 
front  travels  towards  the 
reflecting  surface,  coaverg- 
ing  upon  0'.  it  will,  when 
reflected,  become  convex 
i\  and  will  recede  from  the 

reflector,  converging  upon 
0,  which  is  as  far  on  the  one  side  of  CD  as  the  point  O'  mion 
which  it  had  originally  been  converging  is  on  the  other. 

Oeneral  constmction  of  a  reflected  wa,Te.^Let  AB  be  a 
wave-front,  and  CD  a  reflecting  aurface,  both  of  any  form.  Draw 
normals  to  AB  of  such  lengths  that  they  may  all  cnt  CD ;  from 
these  normals  cut  off  equal  portions  and  join  the  extremities  of 
these  poitiona ;  the  line  EF  is  thus  obtained,  which  represents 
the  form  that  the  wave  would  have  assumed  but  for  the  reflecting 
obstacle.  Draw  a  number  of  circles ;  the  centre  of  each  of  these 
is  a  point  at  which  one  of  the  uoiiualH  to  AB  cuts  CD ;  the 
radius  is  the  distance  along  tlie  normal  in  question  from  the  sur- 
face CD  to  tlie  surface  EF.  These  circles  have  a  common 
tangent,  the  curved  line  GH,  which  indicates  tlie  form  of  tJie 
reflected  wave.  Normals  drawn  to  this,  of  equal  lengtli,  may  indi- 
cate the  form  of  the  reflected  wave  at  any  subsequent  instant ; 
if  tliesc  be  drawn  backwards,  all  the  previous  positions,  real  or 
apparent,  may  be  investigated  (Fig.  62). 

This  i«  the  general  coniitruetioa  ;  but  it  v«ry  freqaently  leads  to  <lifficuU 
tioB  wlitre  diff^rKiit  part«  of  the  vrave  crowi  one  atinther.  In  rnott  caK«, 
bowever,  the  MlD-uin^;  nictlicxl  in  vfTccti^'v.  ConincJer  a  part  of  ao  incichait 
wave  and  tlie  puint  at  which  it  impinges  ;  from  tliv  point  of  incidence  draw 
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a.  That  at  which  the  whole  wavtsfrniit  nviuld  httvo  arrired  at  O.  Kncb 
part  of  the  wave-front  is  wAkU*^  m  nhowti  in  tlic  iliii^^m.  The  ]>ttrt  which 
would  have  taken  the  Lourse  aa'  is  turned  into  lh«  iliit'ction  aP  ;  hb'  into  6F  ; 
cc'  to  cF  ;  and  no  on.  aF  =  aa  ;  66'  =  6P  ;  «'  =  cF.  The  wave-front  is 
Ittilucvd  to  A  point  ;  it  is  at  that  instant  pawing  throngh  tlie  focus  P. 

h.  Any  iimtiLELt  at  wliich  the  wave-fi'OQt  having  poa^d  the  point  A.  vould 
not  yet  hnvu  n«chcd  thu  point  O  ;  the  reflccttnl  wtiv«  h  Kphvricol  and  ooa- 
cave,  converging  on  F . 

c  Any  inatant  at  which  the  wave  would  have  rcacticd  u  ploiio  farUier 
away  from  the  n^Hectisg  aurface  than  a'O  ;  the  wave  is  spherical,  dtrei^enl 
from  Ihti  centre  P. 

2.  In  the  urnne  figiirti,  the  WftV(>-frnnt  is  one  which  xtnrU  from  F  ui  a 
centre  ;  it  meets  the  puraboloid  reHf^ctor  ;  it  is  reRtrct«d  with  a  plane  ware- 
front. 

3.  The  reflecting  surface  ii  ^hcrical  and  concave,  tlie  incident  wbv«> 
front  Hat. 

In  Fig.  64  the  reflecting  surRice  is  Kpreaented  hy  the  line  KS.  Tlie 
wave  travels  from  riglit  to  left  aavi   nieeU   KS.     £ach  part  of  the  fniat 
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of  the  wave  is  turuinl  bade 
at  iU  own  auglu  of  re- 
flexion :  thu  wave-front  be- 
comeH  cDUvcrgynt.  It  doee 
not,  however,  converge  on 
any  one  point ;  it  i»  not 
Bpherical.  Thefiguivbhows 
tliat  there  ie  n  curved  line,  a 
"  oauatlo  by  reflexion,** 
in  which  lie  all  the  fuci  of 
till  thu  KcjMinit^Iy  considered 
part«  or  eleiuont*  of  the  wave- 
front.  In  each  wave  the  ele- 
ment rctlijcted  from  the  outer 
part  of  the  eurface  IIS  will 
sooner  come  to  focus  than 
that  tt-flticted  from,  the  centre 
of  that  surface  ;  hence  if  the 
wave  he  ringle  a  spot  of  maxi- 
niuiii  cliHlitrlmrtL'e  will  .-ip|i«*ar 
t"  run  iiluiig  cjich  liinh  uf  the 
cauxtic  iijmI  to  (liujipGar  in  a 
divcrgiitf,'  wave  at  it«  apei. 
A  succession  of  waves  will 
keep  the  whole  of  the  cauriio 
in  a  state  of  maximum  di»- 
'  lurjjftjice.* 

4.  A  reflecting  mirror  a  eogment  of  a  sphere ;  a  cuuLre  of  dieturhancfi 
midway  between  the  centre  of  the  sphere  and  the  reflecting  aurfiice.     With 
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*  Take  a  long  iiattow  strip  of  bright  tlnplate,  bend  it  Into  a  semicircle^  place  it 
on  its  ride  on  a  sheet  of  paper  in  th«  sunlight,  expMiiig  the  concavity  to  tha  Ran ;  a 
brilliantly- i1 1  uuiluaU-d  caustic  curve  m*!!]  tie  seen  on  the  paper.  The  form  of  this 
curve  may  be  varied  by  altering  that  given  to  the  tjnplato. 
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ruler  and  compoici  draw  the  form  of  the  reflected  wavA  mi  in  Fig.  64.  Approxi- 
mately plane  &t  its  centre. 

5.  A  complete  ^lierical  nirfaoe  used  iw  &  reflector  ;  n  centra  of  dteiturb- 
oticc  at  the  centre  of  the  fphcrc  :  a  diver^^nt  uphcrical  wave  produced. 
Prove  tliat  after  reflexion  this  becomes  a  convergent  Bplicrital  wave,  convepg- 
iug  ou  and  paasirm  through  th«  wiine  ceiit»,  and  tlucn  repi'atedly  reflected 
and  alternately  converging  on  n-nd  diverging  from  the  origiual  point  of  di«- 
turbanoe. 

6.  Prove  that  u  MiiltcHcol  wavi^  ftUrtiajf  fraui  <.iiiv  fociiM  of  an  «Uipso  con- 
vei^«  after  reHexioa  on  the  uthor  focus.  II«nce  prove  that  iT  tlie  cwntre  of 
diaturWnci.'  be  at  one  foctis,  and  if  it  be  Biirrounded  by  a  coropktc  fllipaoidal 
reflecting  iarfave,  a  ware  pasaes  back  and  fore  between  the  foci,  alluniatiJy 
coDVerging  and  diverging,  flrft  at  one,  tlicn  at  the  other  fociis. 

Transmission  of  a  linear  wave  into  a  denser  meditun, — 
If,  as  in  Fig.  65,  the  particles 
he  more  closely  placer!  in  1*    ,     ,     * 
than  in  A,  B  is  the  denser  •* 

DiediutQ.  A  linear  wava-motion  travels  to  the  right  in  A ;  it 
arrives  at  P.  It  meeta  a  relative  obstruction.  P,  the  first 
particle  of  the  dense  substance,  is  more  resisted  than  the  pre- 
ceding particles  set  in  motion  by  the  wave.  The  wave  is  not 
entirely  obstructed  and  goes  ou  into  B ;  but  there  is  to  some 
extent  the  production  of  a  reflected  wave  in  A.  Thi.i  reflected 
wave,  like  thai  of  Fig.  58,  is  of  the  same  phase  and  period,  and 
of  the  same  wave-length  as  the  original  wave.  It  cannot  be  of 
the  same  amplitude,  for  some  of  the  energy  of  the  wave-motion 
has  been  apcnt  in  setting  up  a  wave  in  B,  The  wave-motion 
propagated  along  B  must  necessarily  be  of  the  same  period  as 
that  in  A,  for  the  particles  in  B  must  move  in  unison  with  those 
of  A,  which  impel  them  ;  it  must  be  of  the  same  phase,  for  it  is 
the  direct  continuation  of  tlie  wave  in  A.  Since  the  particles 
are  more  crowded  together  in  B.  a  leas  distance  corresponding  to 
(b6  9amo  number  of  particles,  a  wave  cannot  propagate  itscU  in  B 
'SO  inr  in  a  given  time  an  it  can  in  A,  for  its  doing  so,  still  retain- 
ing the  same  wave-length,  would  imply  its  setting  a  greater  maas 
in  motion.  This  woidd,  however,  require  a  greater  amount  of 
energy.      If  the  latter  be  definite  in  amount,  as  it  must  he,  the 

^ft    wav»-length  and  the  speed  of  propagation  must  be  less  in  the 

^B    denser  medium.* 

^M  Aa  to  the  relative  amplitudes  of  the  re^ctire  vibratinna,  tlu<  original, 

^^^^E    *  To  MToiil  niisconcpptioii  it  niiy  b»  remarked  here  that  in  concrete  cases,  while 
^^^Hpp  dvnaity  r>r  a  body  la  «  powerful  factor  in  determining  the  Velocity  of  vihiation  in 
^^^^givon  body,  thi«  al*o  depends  greatly  on  the  jwimliar  molecular  properties — the 
eUaticlty'-spectn]  to  each  HibsEAnce. 
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the  reflected,  iwd  the  transmitted,  the  oDiplilude*  uf  th«  Iwo  ktter  t&ken 
together  are  not  necwsearily  equal  to  that  uf  tlic  first,  but  in  every  caN  the 
enefgy  of  rihraliniL  of  the  orii^nal  wave  ia  eijual  tu  thu  giuu  of  Um  euergics 
of  the  reflected  and  the  tranflinitt^  waven. 

If  in  Fig.  65  a  -wavo  beginning  with  compression  "he  supxiosed 
to  run  through  B  towards  the  left,  when  it  comes  to  tlie  particle 
P — ^which  may  be  considered  as  the  lost  of  B  or  the  first  of  A — 
that  particle,  meeting  less  resistance  than  its  predeceesors  in  B 
had  encmintered,  plunges  into  the  rarer  medium  and  sets  up  in  A 
a  wave  depending  on  the  origina!  wave  in  B  for  ita  period  and 
phase,  but  of  greater  amplitude;  and  the  wave  in  A  will  also 
have  a  greater  wave-length  than  that  in  B,  for  a  reason  the  con- 
verse of  that  stated  in  the  last  paragraph.  The  effect  du  the 
denser  body  is,  however,  singular.  Tlie  particle  P,  plunging  away 
from  the  test  of  tlio  particles  of  B.  produces  in  tliat  part  of  B  a 
dilatation  wliich  ia  propagated  backwaitls,  aud  tliere  thim  travels 
in  B  a  reflected  wave,  a^eeing  with  the  incident  wave  in  period 
and  in  wave-length,  necessarily  not  in  amplitude,  and  opposed 
in  phase.  A  maximiun  compressioa  arriving  at  P  causes  that 
particle  to  yield  to  the  greatest  extent,  and  to  produce  a  maxinmrn 
dilatation  in  B ;  hence,  when  the  incident  wave  produces  a  maxi- 
mum compression  among  all  the  particles  of  A  in  the  neighliour- 
hood  of  P,  P  itself  starts  a  wave  in  B,  commencing  with  a 
maximum  dilatation,  aud  the  incident  aud  reflected  waves  are 
not  continuations  of  ouo  another  as  In  Fig.  58.  but  there  is  loss  of 
half  a  wave-lenifih* 

A  comparison  uf  ttie  dingriims  in  the  preceding  discussion 
shows  that  in  every  case  where  the  medium  in  which  the  wave 
has  travelled  is  the  same,  the  space  traversed  by  eveiy  part  of 
the  wave,  reflected  or  not  reflected,  or  sooner  or  later  so  affected, 
mnat  necessarily  ho  the  same  in  a  given  time ;  and  hence,  count- 

*  Tliii  ciirimii  reRolt  hu  an  iDteTcating  braring  on  tha  Conwrf&tion  of  Encirg}'. 
Both  the  a.mi>lituili!  atid  th«  Irngtli  of  tlic  wnvr  in  Liu-  rarer  iiirdiiiiti  Mr  grpjilur  th«n 
in  the  denaor.  The  body  B,  if  the  uiulaphor  uwy  be  nUuwed,  finda  itaoU  to  hftTO 
dons  tnoTO  wi>rk  on  the  body  A,  and  therefore  to  h&ve  tmnsmittwi  more  energy 
to  it  tlian  it  had  intMidiid  :  tho  i-KirticIc  I'  has  compromised  the  body  B  by  giving 
■  gnsuLcr  daah  forward  than  was  exgHclod.  Uiidvr  thu  eircuniKUincM,  mattAts  an 
actuated  by  the  iiropagntion  of  a.  v-avo  of  apposite  phoM  in  the  body  B.  If  Bdch  of 
thaw  wav(^!(,  tliu  iv/lTCtctl  nnJ  the  Iranfinittcd,  be  rrganlcd  scparatdy  as  coniaining 
«o  much  enETgy,  the  Hum  of  tliea  ener^-i^H  iiiuy  nppuur  tu  uxcvnl  that  of  lliit  original 
ynv9.  The  whole  vitratuiif  matter  muJit,  however,  be  reKiurdod  as  fonnliiR  ooa 
■yBteni.  In  tht*  nyntcni,  a  rciiiipntwiion  iti  i>nc<  wave,  and  a  dilatattoD  in  anotht^r, 
pirodu<?c  a  rcl!ativ«  niuUoti  anioimtiii^  only  to  ttit-ir  difTnnincii  ;  and  thin  ia  Uio  truo 
BLOtion  of  the  syst«m,  tho  ruorgy  correspoDding  to  M-hich  i*  e^us]  to  tha  euurgy  of 
the  ori^nat  vibration. 
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ing  from  any  initial  condition  to  any  final  wave-front  fonn,  the 
space  traversed  before  reflection  +  that  traversed  after  it  =  a  con- 
stant quantity  for  a  given  time,  and  that  for  every  element  of  tho 
wave-front ;  or,  as  it  is  often  expressed,  the  "  incident  ray  "  -)-  the 
"reflected  ray"=  const-ant  for  the  whole  wave. 

Refiraction  of  a  plane  wave  at  a  plane  surface. — If  the 
incident  wave  strike  the  plane  surface  simultaneously  at  all  parts 
of  its  own  front,  it  will  simply  pass  more  slowly  tlirough  the 
denser  medium,  while  a  reflected  wave  is  sent  back ;  but  if  it 
fltrike  it  obliquely,  there  are  somo  changes  iu  the  wave,  wliicb 
result  from  oue  part  of  it  keijig  hampered  in  the  retarding  sub- 
staucu  wUile  the  rest  is  still  moving  with  compamtivo  rapidity  ia 
tiie  rarer  muiiiiiii]. 

In  Fig.  66  let  AB  be  tlie  wave- front  in  the  rarer  medium; 

rig.w. 


CD  the  surface  separating  the  denser  from  the  rarer  medium ; 
A'B'  a  position  at  which  the  wave-front  would  have  arrived  it  it 
had  not  encountered  the  denser  .substance.  The  linea  bh',  cc,  dd^, 
etc.,  are  normals  to  the  incident  ■wnve-front,  meeting  the  line  CD 
in  l",  c",  rf',  etc.  Tlie  angle  BAB'  between  the  wave-front  and 
the  surface,  or  iOn  between  the  direction  of  the  incident  wave 
and  the  normal  to  the  surface,  is  called  the  av.gle  of  incidence. 

Let  us  suppose  that  the  velocity  of  propagation  in  the  denser 
medium  is  f  of  that  in  the  rarer.  Then  with  centres  A,  &',  e',  (T, 
etc.,  and  radii  =  f  AA',  f  h'b',  §  c'c',  etc.,  draw  circles.  Tha 
line  A"B',  which  is  their  common  tangent,  indicates  the  position 
of  the  wave-front  at  tho  end  of  the  time  during  which  it  would 
have  advanced  to  A'B'.     The  wave  has  been  rendered  somewhat 
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broader,  and  has  changed  its  direction. 
n'Or  is  called  the  "  angle  of  refraction." 


The  angle  AB'A*  or 


lu  tlnj  figiLTc,  AA"  ;  AA'  : :  2  : 3  ;  but  in  the  two  triangles  AB'A*,  AB'A", 
ire  Mc  tbat  AA"  :  AA'  : :  si]i  L  AB'A'  :  siii  L  AB'A'. 

Sin  L  AB'A"        fiiu  ang.  refr. 


*  Sin  L  AB'A*       ein  ang.  incid. 


v-docity  in  d«iis«r  medium 
Tclodty  in  rarer  medium 


Qcnerally,  if 


vol.  in  iVniwr  ra«l. 


1 


.  -^-  a  fmcticm, 

vel.  ID  rarer  nied.  ^ 

rin  ang.  incidence  —  ft,  'n  t\n  itx\^.  rcfroctiunj  and  fi.  is  called 


J 


the  "  Index  of  reftaotlon 
raror  one. 


of  the  denser  Bul)Btoncc  as  compared  irith  the 


This  formula  shows  that  in  Fig.  66  if  »0  indicate  the  direc- 
tioa  of  the  incident,  Or  tliat  of  the  refracted  wave;  nOn'  the 
normal  to  the  plane  relractiiig  surface  ;  if  a  circle  be  drawn  with 
centre  O  and  any  radius, — the  lines  iO  and  Or  will  cut  it  in  I 
and  R ;  from  I  and  K  draw  lines  at  right  angles  to  -nn,  as  in 
the  figure.  These  lines  always  bear  to  one  another,  whatever 
the  angle  of  incidence,  the  some  ratio  as  the  Velocities  in  the 
respective  media,  and  this  law  defines  the  relation  of  the  angle  of 
refraction  to  the  angle  of  incidence.  Au  equivalent  construction 
is  given  under  "Light,"  Fig.  182. 

Kefraction  of  &  wave  at  a  Biirface :  (Seneral  conatruction. 
^— Let  AB  bu  an  advancing  wave-lroul,  CD  the  bounding  surface 


■'--i- 


of  a  denser  medium.  Let  the  assumption  be  made  that  each 
several  element  of  the  wave-front^  as  long  as  it  is  in  the  same 
medium,  travels  mainly  in  the  direction  of  tlie  nonual  drawn  to 
it.  In  tliis  way  the  whole  wave-front  is  always  simply  related 
to  all  its  previous  forms,  all  the  parts  of  it  having  at  any  InstAnt 
travelled  along  their  respective  normals  to  an  equal  extent  during 
any  given  interval  of  time ;  and  a  line  once  normal  to  the  wave- 
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front  IB,  if  produced,  always  normal  to  it  as  long  as  it  travels  in 
the  same  medium. 

Then  a  number  of  these  normals  to  the  incident  wave,  suck 
aa  aa'  in  the.  fif^urc,  ore  drawn  equal  to  enoh  other,  and  nf  length 
sufficiently  great  to  enable  the  surface  to  cut  them  all.  The 
extremities  of  these  e<|ual  noniials  are  joined ;  in  this  way  a 
cnrve  EF  is  produced  which  indicates  the  form  that  the  incident 
wave  would  have  assumed  had  it  travelled  thus  far  in  the  original 
medium.  Lines  normal  to  AB  are  alsu  uoruol  to  £F.  We  see  seg- 
ments of  tliese  uormals,  such  as  da',  out  off  between  CD  and  EF. 

_  .       1       velocity  in  denser  _ 

The  fraction  — =  — ^ — :- — r — —  mnst  now  be  known,    irom 
fi       velocity  ui  rarer 


da'  cut  off  da',  which  ia  to  rfa'  as  — 


1 :  with  rf  as  a  centre,  and 


da'  as  ladiuB,  draw  au  arc  of  a  circle  through  a'.  Tr&ak  similarly 
all  da"B  fellow-normals.  A  number  of  arcs  are  thus  obtained,  to 
which  the  common  tangential  curve  must  he  drawn.  ITiis  gives 
the  form  of  the  refracted  wave-front. 

This  having  been  obtained,  nonnols  may  now  be  drawn  to  it ; 
these  will  not  in  general  coincide  with  aa'  and  ita  fellows.  By 
measuring  off  equal  distancea  along  these  normals  to  the  refracted 
wave-fcont,  all  the  future  forms  of  the  refracted  wave  and  all  its 
appQxent  jiast  forms  [iiiiy  be  a.scertainetl. 

Sefi-action  of  a  spherical  wave  at  a  plane  surface. — Let  a 
spherical  wave  whose  eentrt;  is  at  F  strike  the  plane  uurfaco  HS 
and  Qotcr  a  denser  medium.  The  wave  would  at  a  certain  instant 
have  arrived,  say  at  a'b'c'd'.  According  to  the  preceding  con- 
stniction,  lines  aa''f  W,  etc.,  are  out  from  aa',  bb',  eta,  to  which 
they  respectively  bear  the  con.'^tant  ratio  1  :/i.  Area  are  di'awn 
with  centres  ar,  h,  c,  d,  etc.,  and  radii  aa",  hh",  ec',  dd",  etc. :  the 
common  tangent  BCD-^a  curved  line — is  found:  this  gives 
the  form  of  the  refracted  wave  in  the  denser  medium;  it  is 
hyperbolic 

Normals  may  now  be  drawn  to  this,  by  means  of  which  the 
future  and  the  apparent  past  fonns  of  the  wave  may  be  traced 
out  In  the  denser  substance,  as  it  travels  onward  it  retains  the 
hyperboloid  form ;  and  if  the  normals  bli,  cC,  etc.,  be  traced  back- 
wards, and  such  cqunl  lines  as  BB',  CC',  etc.,  measured  oCT  along 
them,  all  those  hypothetical  wave -fronts  may  be  drawn  from 
which  the  wave-front  as  it  travels  tlirough  the  denser  medium  pre- 
sentfl  the  appearance  of  having  been  developed.     On  tracing  back 
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far  enough  -we  find  that  the  wave  appears  to  be  developed  from 
a  wave-froat  coQvergent  not  upon  the  ceutre  F,  but  through  a 
c&astic  the  apex  of  which  is  at  G,  where  OG  is  to  OF  as  /i :  1. 


WtgM. 


'•^^ 


•■*T,--. 


Wa^lZi-'^^.:^-  "^3 


..V-* 


A  S]>lieTicBiI  eonvcrgcnt'irave  mctits  tlie  plane  surface  of  &  K&nctiiig 
sabfttance.  Bj  construction  show  t^iat  tlic  wave  coDvergn  thToi]f;b  a  c&usti<^ 
the  diatance  of  whose  apex  from  the  surface  ia  lesa  thuL  that  of  the  original 
centre  in  the  ratio  of  1  :  ^ 

FaBBELge  of  a  ware  through  a  parallel-Bided  sheet  of  a 
denser  subatance. — At  its  entrnuco  into  the  dciiscr  sulxstauce, 
the  wave -front  becomes  hjqierboHc;  at  exit  every  part  of  the 
wave  reaumea  the  direction  which  had  pertained  at  the  instant 
of  the  first  refraction  to  that  part  of  the  wave-front  from  which 
it  had  boon  developed,  and  thus  the  wave-front  again  approxi- 
inat«ly,  but  not  exactly  *  resumes  its  origiual  spherical  form.  In 
Fig.  68  the  part  of  tlie  wave-front  which  passes  through  a  is, 
when  the  wave  approximately  resumes  its  spherical  form,  again 
refracted,  so  that  that  element  assumes  a  direction  parallel  to 
its  orijiinal  direction  Fa. 

Approximate  Foci. — Tn  Fig.  68,  if  of  the  hyperbolic  wave 

*  Ad  object  seen  through  a  pane  of  glau  is  nmtt  u  distLuct  aa  the  mna  leeo 
tlirau^h  tfa«  intoiTBiiiiig  air  aLane. 
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in  the  denser  medium  only  a  limited  portion  in  the  centre  be 

conaitlered,  it  will  be  found  to  approximate  very  closely  to  a 
small  arc  of  a  circlo  whose  radius  ia  Go.  We  liavc  already 
learned  to  exprass  this  by  sa)'ing  that  its  radius  of  curvature  is 
Go.  If  accordingly  the  incident  wave-front  l;e  narrow,  the 
refracted  wave-front  appears  to  have  diverged  from  a  groi:p  of 
points  in  the  immediate  neighbourhood  of  0,  the  apex  of  the 
caustic;  and  the  narrower  the  incident  wave,  or  the  less  its 
divergence,  the  more  nearly  will  it  appear  to  come  from  a  single 
point,  the  veiy  apex  of  the  caustic  itself.  Similarly  in  Fig.  64, 
the  narrower  the  incident  wave  is  in  comparison  with  the  bioodth 
of  the  curved  rellecting-surface,  tlie  more  nearly  will  the  ittlecled 
wave  converge  on  the  very  apex  of  the  caustic,  the  centre  of  the 
Bphera  Conaequently  these  points,  the  apicea  of  tlie  caustics, 
are  approximate  foci  for  comparatively  narrow-fronted  waves. 

Utility  of  the  idea  of  "  rays  "  in  geometrical  construction. 
— iVlI  the  precoding  discussions  have  been  grounded  on  consider- 
ation of  the  various  form.?  assumed  by  the  wave-front :  we  have 
shown  that  any  form  may  be  developed  from  any  of  its  pre- 
decessors by  taking  each  point  in  that  predecessor  as  a  centre  of 
disturbance,  and  drawing  equal  circles  of  appropriate  radii  which 
indicate  the  extent  tu  which  tlie  disturbance  has  travelled ;  then 
of  these  circles  the  common  tangential  line  denotes  the  developed 
form  of  the  wave-front :  we  found  that  in  simple  cases  every  line 
normal  to  any  wave  was  noniial  to  all  those  developed  from  it, 
and  to  all  those  forms  through  wliich  it  had  passed ;  in  all  this 
it  being  supposed  that  the  nieJium  was  one  in  which  the  velocity 
of  transmission  was  ttio  same  in  all  directions. 

We  also  made  an  assumption  that  when  the  form  of  the  ori- 
ginal wave  was  complex  and  the  medium  isotropic,  the  same  law 
applied;  that  the  maxim  once  a  normal  always  a  normal 
was  true;  that  there  was  no  lateral  expansion  of  the  wave-front 
beyond  the  limits  indicated  in  a  diagram  by  lines  set  down  to 
represent  such  normals.  The  assumption  is  approximately  true 
only  in  special  cases- — in  general  there  is  lateral  expansion  of  the 
iTe-front  beyond  such  limits ;  but  on  reference  to  what  was 
in  connection  with  Figs.  56  and  57,  we  arc  reminded  that 
it  is  possible  for  us  to  conceive  a  point  of  distuibance  on  a  wave- 
front  as  one  in  a  wi/it!  apirture;  and  hence  if  the  wave-length 
be  very  small,  tlie  wave-front  propagateil  from  each  little  element 
of  the  wave-surface  travels  along  the  normal  to  that  element. 
In  any  case  this  is  never  an  absolute  statement,  and  there  Is 
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always  mure  or  less  lateral  divergence ;  but  as  a  tirst  approxiiua- 
tion  of  snf&cient  value  for  most  purposeis,  it  may  be  said  that  ia 
au  isotropic  me<liuin,  where  the  velocity  of  propagation  is  equal 
iu  all  directions,  the  wave-front  ia  developed  from  all  its  prede- 
cessors along  their  common  normals ;  that  this  ia  nearly  the  fase 
when  the  wave-length  is  comparatively  sliort :  hut  the  greater 
the  proportionate  length  of  the  wave,  Uie  more  lateral  expausioai 
ia  there,  and  the  less  able  would  we  he  to  find  the  foriii  of  tlio 
wave-front  at  any  moment  by  exclusively  considering  the  normals 
to  its  previous  forms.  If,  however,  the  wave-length  be  compara- 
tively short,  we  may,  hy  considering  the  normals  only,  erect  in 
a  diagram  the  scaifolding  on  which  the  form  of  the  wave-tront 
may  be  constructed.  Li  reSexiou,  for  instance,  as  in  Fig.  64, 
normals  may  be  drawn  to  the  front  of  the  incident  wave ;  the 
reflected  wave  is  of  such  a  form  that  each  normal  to  it  makes, 
with  the  eorrespoudiug  normal  to  the  reflecting  surface,  an  angle 
eflital  to  that  maile  by  a  normal  to  the  incident  wava  But  the 
wave-front  itself  might  liavo  been  omitted  from  the  diagram,  and 
the  same  results  as  regarding  fociis  and  caustic  would  have  beea' 
obtatneil.  Then  attention  might  be  fixed  on  the  normal  lines, 
and  on  the  way  in  which  these  change  their  direction  on  reflexion 
or  refraction.  They  might  be  treated  as  if  ihey  were  physical 
entities,  and  might  receive  special  names,  This  has  actually 
happened.  The  imaginary  straight  3iue  drawn  at  right  angles  to 
the  wave -front  at  any  point  has  been  called  a  "ray"  passing 
through  that  point.  Each  ray  is  straight,  for  the  normals  preserve 
always  the  same  ilirection;  and  of  all  wave-iuotion — such  aa 
light — which  does  not  expand  perceptibly  beyond  the  limits  laid 
down  for  it  by  ita  normals,  as  in  Fig.  57,  the  progress  is  de.scribed 
by  saying  that  its  rays  travel  in  stmight  lines  as  long  as  it  is  in 
the  Slime  medium.  This  mode  of  expression  has  both  advantages 
and  disadvantages.  It  leads  to  the  assumption  that  a  divergent 
wave-front  is  a  divergent  "pencil"  of  rays,  each  of  which  is 
Bomehow  distinct  from  its  fellows ;  it  leads  to  these  raj's  being 
conceived  as  themselves  reflected,  refracted,  etc. ;  it  isolates  the 
pliysica  of  those  phenomena — those  of  Light — ui  which  waves 
approximately  follow  their  normals  only  from  those  in  whicli  this 
approximation  is  much  less  complete,  as  in  the  case  of  Sound, 
On  the  other  hand,  it  presents  certain  advantages ;  it  simplitles 
diagrams ;  it  enables  any  problem  to  be  reduced  to  its  simplest 
elements  by  an  absolute  rejection  of  nil  lateral  disturbances,  and 
of  the  effects  produced  by  any  parts  of  the  wave  other  than  those 
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t  the  points  of  tlie  fronts  crossed  by  the  normals;  and  it  gives 

>sults  which  in  the  theory  of  Light  arc,  up  to  a  certain  point,  of 

sufficient  accnracy.     This  advantfige  persists,  however,  up  to  a 

■  certain  point  only,  and,  as  a  -whole,  a  habit  of  referring  tie 

plieuomeua  of  wave-motioa  to  the  form  of  the  wave-front  is  to  be 

prulorretl,  tUougb  hereafter  we  shall  make  free  use  of  tlie  device 

I  of  reference  to  rays  whenever  it  is  found  convenient  to  do  so. 
Tlie  law  can  easily  be  verified  thai  the  path  traversed  by 
every  element  uf  the  wave  in  the  rarer  medium,  together  with 
fi  X  that  traversed  in  the  denser,  ia  a  constant  q^uantity. 
Ptolemy's  Law. — If  a  ray  pass  from  A  to  B,  striking  ^nme 
point  nf  a  rtiHectiny  surface  in  its  course,  and  being  then  rcflei;.ted 
to  B.  Choro  is  no  path  from  A  to  B  vid  any  point  of  tliu  mirror 
which  is  so  short  as  that  travcraed  by  the  ray  under  the  law  of 

»  reflexion. 
Permat'a  Law. — If  a  ray  pass  from  A  in  one  medium  to  B 
in  another,  there  is  between  these  points  no  path  which,  the 

»  relative  velocities  in  the  two  media  being  taken  into  accoimt^ 
oould  be  traversed  in  so  short  a  time  as  that  actually  traversed 
under  the  law  fx  sin  ang.  refr.  =  sin  ang.  incid.  If  the  constmc- 
tion  be  attempted,  it  will  be  seen  that  the  actual  law  allows  the 
ray  the  greatest  possible  proportion  of  time  in  the  rarer  medium. 
Superposition  of  simultaneous  wave-motions  on  an  in* 
deftuite  cord. — Wc  shall  hcu;  simply  disimss  the  single  case 
in  which  two  equal  waves  travel  in  apposite  directions  on  the 


same  cord.     In  Fig.  60  are  seen   two  waves  approaching  one 
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another  on  a  cord  of  indefinite  lengtli ;  tliey  meet  at  A,  and  pass 
through  one  anotheT.  Where  crest  meets  creat  and  trough  trough, 
&8  at  A,  the  aniplitiule  is  doubled  ;  where  crest  meets  trough,  as  at 
B  and  C,  there  is  no  movement  as  long  aa  the  waves  are  possing 
through'  one  another :  B  and  C  are,  duriug  this  mutual  interfer- 
ence of  the  waves,  noa-vibrating  or  "nodal"  points,  between 
which  the  cord  vibrates. 

If  the  wavi^s  had  been  equal,  but  opposite  in  pliase,  so  that 
crest  ini^t  trough  at  A,  tUtsu  A,  the  point  of  meeting,  would  have 
been  a  nodal  point. 

The  two  nodal  points,  B  and  C,  are  seen  to  be  at  a  distouce 
ot  half  a  tcave'lent/th  from  eaiih  other. 

If  the  waves  meeting  each  other  had  been  indefinitely  numer- 
^^OBi  the  interference  would  occur  in  every  region  of  the  indefinite 
oarA,  and  there  would  be  on  indefinite  number  oE  nodul  points, 
half  a  wave-length  distant  from  each  other.  In  Fig.  70  such  waves 
are  seen  running  on  an  indefinite  cord,  and  the  nodal  points,  where 
crest  meets  trough,  are  marked  with  crrjsses. 

Tlg.TO. 


Oord  of  definite  length. — In  Fig.  70  let  us  limit  our  atten- 
tion to  a  port  of  the  string  comprised  between  two  nodal  points. 
Bay  between  0  and  X.  Within  this  limited  part  of  the  string  we 
obseire  two  waves  running  in  opposite  directions,  the  crest  of  one 
meeting  the  trough  of  the  other  at  four  points :  there  are  five 
loops,  each  of  which  is  equal  to  half  a  wave-length  ;  the  centres 
of  the  loops,  the  points  of  greatest  vibration,  are  the  points  A,  B, 
C,  D,  E ;  the  wave-Ieugth  is  here  equal  to  f  of  OX. 

STodes  and  Loops. — If  the  points  O  and  X  in  Fig.  70  had 
been  tlic  cuds  of  the  string,  and  if  it  had  been  poaaible  iu  OX  to 
establish  two  waves  each  of  wave-length  =  ^  OX,  these  meeting 
one  another  so  that  trougli  always  coincidtjd  with  crest,  the  neces- 
sai'y  residt  would  be  a  continuous  vibration  of  the  cord  in  five 
segments,  marked  off  by  four  non-vibrating  points,  and  these 
segments  would  nlwnya  be  in  opposite  phases  of  vibration. 
The  vibration  would  in  such  n  cose  be  said  to  be  Stationary 
Vibration. 

Tliis  is  precisely  the  case  where  a  wave  running  from  U  to  X 
meets  its  own  reflexion  returning  from  X  to  O.     If  the  wave- 
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length  be  f ,  f .  |.  f,  f .  etc.  of  the  length  of  the  cord  OX,  the 


f 
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result  oF  the  composition  of  the  wave  and  its  reflexion  will  be  a 
stationary  vibration,  in  which  the  string  will  vibrate  in  the  first 
case  as  a  whole,  or  in  the  others  in  two,  tliree,  fonr,  five,  etc. 
vibrating  segments  or  Loops,  separated  by  non-vibrating  points 
or  Nodws. 

Vibrations  of  a  cord  whose  extremities  are  fixed. — A 
string  autttd  on  by  any  force  tending  to  bring  the  particles  bock  to 
their  meitu  puBitiuu,  and 
varying  aa  the  displace- 
ment— a  criterion,  as  we 
have  seen,  of  harmonic 
motion — will  thus  enter 
mto  vibrations  of  a  type 
obeying  Fourier's  law, 
and  in  the  general  sense 
any  periodic  disturbance 
of  such  a  cord  will  be  compounded  of  vibrations  such  as  those 
shown  in  Fig.  71.  These  simultaneous  vibrations  wiU;,  as  regards 
amplitude,  be  iiulepeudent  of  one  another,  and  will  also  from 
moment  to  moment  necessarily  ditler  in  their  relative  phase. 
The  whole  motion  is,  however,  periodic. 

If  a  point  situated  in  the  loop  of  any  one  of  these  harmonic 
compoueuta  be  held  fixed,  the  corresponding  oscillation  is  pre- 
vented. If  the  centre  of  a  vibrating  string  bo  touched,  the  oscilla- 
tions corresponding  to  the  whole  string,  to  one-third,  to  one-fifth, 
etc.— all  the  odd  components — are  suppressed,  and  only  the 
even  components — those,  namely,  which  already  have  a  node  at  the 
point  fixed — are  allowed  to  go  on.  If  the  string  he  touched  at  J 
of  its  length  from  the  end,  all  \'ibrationa  except  those  correspond- 
ing to  — ~,  — ^,  — —5,  etc.  cease ;  these  still  continue,  for  the 
o  o  9 

effective  fixing  of  their  nodes  does  not  affect  them.  Similarly,  if 
the  string  he  held  steady  at  a  point  ^  of  the  string-length  from 
the  end,  the  4th,  8th,  12th,  IGth,  etc  components  remain  un- 
affected, while  all  the  rest  are  stopped. 

Longitudinal  vibrations  of  a  string  or  rod — for  a  rod 
acts  in  this  case  like  a  bundle  of  pai-allel  strings — whose  enils  are 
held  iix(nl  obey  the  same  jirincipies  as  trausverso  vibrations. 
Fourier's  law  holds  good;  and  if  any  point  be  held  steady,  those 
component  vibrations  which  have  a  node  of  displacement  at  the 
point  held  steady,  and  those  components  only,  will  remain   nn- 
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affected.  In  longitudinal  vibration,  where  there  ia  the  greatest 
displaocnicnt  there  ia  lojut  actual  change  of  density ;  and  at  the 
extremitifc?  of  a  rod  fixed  at  both  ends,  and  at  the  nodes,  while 
there  is  no  displacement,  there  is  a  maximum  change  of  density. 
If  longitudinal  vibratioaa  occur  in  a  stiing  or  rod,  or  in  b 
cylindrical  mass  of  gas — auch  as  t]ie  air  in  an  open  organ-pipe — 
which  is  free  at  both  extremities,  it  is  plain  that  at  tlie  free  euda 
there  can  be  no  change  of  density,  but  that  there  is  freedom  of 
moveuieuL;  hence  each  extremity  must,  as  rtfgards  displacement, 
bo  the  centre  of  a  loop,  The  component  vibrations  which  make 
up  the  Fourier-motioE  in  such  a  cose  are  such  as  those  shown  in 
yig.  72.      In   this   case,   as   well   sa   in   the   preceding,  alt   tlie 

componentfl,  oven  and 

odd,  arc  possible,  and 

the  wave-length  of 
the  slowest  or  funda- 
mental vibration  is 
equal  to  twice  the 
length  of  the  rod 
or  string  vibrating 
loagitudiually. 

Id  tbeee  cas^s  nv  see  tliat  the  wave-lcugtli  i>f  tliu  funi^mental  an  well  oa 
of  the  coacomitant  vibrations  ia  dvti'rniiiie>d   by  the  lenglb  of  ihv  vibrating 

•tring  or  rod  itself.     We  have  aeen  that  v  =  — ;  A,thi;WEvu-li.'ngth,iRayeaaily 

be  fuund  from  the  lon^h  at  tlie  rod  ;  t,  the  period,  mny  be  mcftsurtd  by 
Boouatjcal  ur  graphic  metboda  ;  these  being  experimt'ntA.I]y  known,  wc  may 
find  V,  thr.  TGlor^ity  of  propagation  of  on  timlulatory  dietarboncc  in  a  vibrating 
String  or  rod. 

If  the  central  particle  of  the  system  of  Fig.  72,  vibrating  longi- 
tudinally, be  held  fixed,  thoao  vibrations  (2,  4.  6,  etc.)  are  sup- 
pressed which  have  not  their  nodes  at  the 
centre  of  the  rod.  Thus  only  the  odd  com- 
ponents are  left;  but  the  rate  of  these  is 
imaffected.  If  now  one  half  of  the  rod  were 
removed  altogether,  we  would  have  remain- 
ing a  rod  fixed  at  the  one  end.  free  at  the 
other.  Tlus  rod  would  have  component 
vibrations,  as  shown  in  Fig.  73.  A  rod  thus 
vibrating  longEtudinally  will  have  a  funda- 
mental vibration  whose  wave  -length 
will   be   four   times   the  length  of  the  rod;    the  concomitant 
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components  will  have  wave-Iengtha  equal  to  ^,  |,  ^,  eta,  of  that 
length. 

If  the  same  rod  be  supposed  to  be  set  in  longitudinal  vibra- 
tion, first  with  boUi  ends  free,  and  next  with  one  end  fixed,  the 
fundamental  wave-length  will  in  the  latter  case  be  doubled,  and 
the  period  of  vibration  will  also  bt  doubled. 

Nodes  and  Loops  in  a  vibrating  membrane. — A  membrane 
may  vibmt«  iu  such  a  way  that  eertuin  Mnas  may  be  at  rest. 
The  number  of  these  lijies,  if  they  extend  fruui  the  centre  to  the 
circumference,  must  be  even,  for  on  each  side  of  a  node  the  direc- 
tions of  movement  are  opposite,  and  there  cannot  be  an  uneven 
number  of  nodes. 

The  fornu  ai  these  lines  vary  accotxling  to  the  Bhapa  of  the  mcnibnmc 
and  the  mode  of  disturbance  In  a  square  metnbran<^,  for  example,  the  nodal 
linen  may  be  one  diagnnal — two  diogonaU — Unea  joining  the  ecntrea  of  oppo- 
Bite  sid«s« — lines  more  niitneroufl  parallt^l  Lo  theae — curvet)  lines  ajiumeLrical 
with  nJvrcncc  to  tiiowntre — oinijilirjc  liuM  obtained  hy  the  aujierpuititiori 
of  LheM,  lu  a  ciri-iilar  rn<>inl>raup  we  may  huvc  uniceiitric  circle-^,  or  rEtiiial 
lines  even  in  number. 

In  a  circular  membrane  of  which  the  centre  and  one  point  of 
the  circumference  are  held  fixed,  the  freii_ueucy  of  the  fundamental 
vibration  varies  inversely  as  the  radius. 

The  frequency  of  vibration  of  a  circular  membrane  vibrating  as 

riE74. 


in  Fig.  74  {a)  being  taken  as  1,  that  of  the  same  membrane  vibrat- 
ing as  in  (6)  is  §  nearly  ;*  as  in  (r)  §  nearly ;  as  in  ^^0  2  nearly. 
Waves  from  two  different  centres — Interference. — In  Fig. 
V5  let  A  and  B  be  the  centres  of  disturbance;  Al  the  wave- 
length :  the  dotted  circles  indicate  troughs,  the  plain  circles  crests 
of  waves.  Where  crest  coincides  with  crest,  the  elevation  or  com- 
pression produced  will  be  the  sum  of  those  produced  by  each 
wave;  when  trough  meets  trough,  the  converse  will  hold;  but 
■where  the  trough  of  one  wave  coincides  with  the  crest  of  another, 
if  that  crest  he  equal,  the  resultant  motion  at  that  point  is  uull. 
This  is  tho  result  of  the  mutual  interference  of  waves.  Join  tlie 
points  at  which  there  is  maximuux  movement  whether  of  crest 

'  Lord  Bayleigh,  THmtj/  of  Snni,  i.  275. 
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or  trough  ;  join  also  tbose  at  which  creat  and  trough  coincide  :  we 
Ihuii  obtain  a  series  of  hyperholas  indicated  in  the  figure.  Along 
Ou'  tboro  b  motion  due  tu  the  concurrent  effwta  of  the  disturb- 
oaoe*  ti  A  and  B  ;  alou^j  bb',  or  a  line  vezy  closely  approximating 
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to  it,  there  is  rest ;  itloug  cc'  there  is  concurrence;  along  rW  ap- 
proximate rest,  and  so  on. 

The  hyperbolic  lines  hh'  and  dd'  would  he  lines  of  perfect  i««t  if  H  were 
Dot  tliftt  Uit;  one  wave  ia  half  u  wavu-length,  ouc-aiid-a-hnlf  wave-lengthy  etc, 
behind  ihe  other,  and  hunce  the  amjilitiideB  are  not  ec^aa].  Tlie  divcrpence 
of  the  trup  lines  of  reat  from  the  true  hyperbola  occasinned  by  this  could  not 
be  indicated  in  the  diAgram,  in  h-»)  the  greater  the  diivtAncft  from  the  centre, 
and,  if  the  vave-lcngth  be  very  small^  will  approxirnatn-ly  vaniab. 

Tf  these  tivo  points  were  the  only  centre-s  of  disturbance,  and 
if  a  screen  irN  were  placed  in  the  field  of  the  wave,  there  would 
be  movement  of  the  screen  at  a,  e,  t,  rest  in  the  neighbourhood 
of  6',  d'. 

Propagation  of  waves  along  normals. — The  principle  has 
biicii  iJniady  stated  (see  Fig.  54)  that 
t]ie  propB<,'ation  of  any  wave-front  is 
due  to  the  sum  of  the  eilecLs  produced 
by  all  the  points  of  it  acting  as  centres 
of  disturbance. 

T^t  AB  in  Fig.  76  he  a  wave-front 
whoac  normal  at  the  point  N  is  Kl*. 
Trace  the  effect  of  the  wave-front  when 
the  wave-length  is  comparatively  small. 
Tlie  point  P  is  situated  on  the  normal; 
P'  is  situated  laterally.  Prom  P  as  a 
centre  draw  circular  arcs,  whose  radii,  PN,  Pa,  Vh,  Vc,  Vd,  et«., 


Fjj.TO. 


INTEltFERENCB  07  WATES. 


I 
I 


differ  from  one  aootlicr  successively  hy  half  n  wave-length.  The 
disturbance  caused  at  P  by  the  movement  of  Na  is  to  some 
extent  counteracted  by  that  derived  from  ah,  aided  by  that  from 
he,  counteracted  by  that  from  cd,  and  so  on.  But  Nrt  is  greater 
than  ab,  ub  than  Ic,  he  than  c4,  and  so  on.  On  the  uther  side  of 
K  the  circumstances  arc  similar ;  uud  thua  ou  the  whole  the 
diaturbauce  of  I*,  wlucb  is  due  to  the  wave-fmut  un  both  sides  of 
N,  is  positive. 

If  en  the  other  hand  the  point  P'  he  considered,  it  will  bo 
seen  that  if  the  wave-front  be  wide  enough  in  comparison  with 
the  wave-length,  the  disturbances  radiating  from  it  inUirfere  with 
one  another ;  for  points  on  the  wave-front  can  always  be  chosen 
and  set  off  in  pairs,  differing  in  distance  from  P'  by  half  a  wave- 
length; and  consequently  there  is  no  disturbance  produced  at  any 
8och  lateral  point  as  V  by  the  wave-motion  at  N,  and  the  wave- 
front  travels  along  the  normals  without  any  lateral  expansion. 

The  narrower  the  wave-front  or  the  greater  the  wave-length, 
the  greater  will  be  the  difficulty  in  this  conatmctiou,  and  the 
greater  will  be  the  lateral  divergence  of  the  wave.  The  wave- 
front  must  be  at  least  one  wnve-Iength  in  breadth  before  this 
construction  begins  to  become  possible. 

'  Effects  of  a  screen. — In  tho  figure  76  we  may  neglect  the 
influence  on  P  of  tlie  part  of  the  wiive-froiit  beyond  d,  fur  the 
extent  to  which  it  disturbs  P  is  very  small.  If  a  screen  were 
thrust  between  the  wave-front  and  the  point  P,  so  as  to  cat  off 
the  influence  of  the  part  ed,  the  disturbance  of  P  would  be 
increased :  if  the  screen  come  to  b,  the  motion  of  P  will  be  less 
than  at  Brat :  if  it  come  to  a,  it  will  be  greater  than  if  there  were 
no  screen :  if  to  N,  it  will  be  less,  being  about  one-half  of  the 
original  amount  If  tho  screen  be  pushed  still  further,  P  will,  in 
the  same  way,  be  in  more  or  less  active  motion  according  to  the 
position  of  the  screen.  The  waves  therefore  pass  round  the  edge 
of  the  screen,  producing  fringes  of  alternate  maximum  and 
minimum  motion.  Tlie  jx^ssibility  of  this  result  dGpends  on  the 
suiallness  of  the  wave-length. 

Effect  of  a  very  small  screen. — If  a  wave-front  be  inter- 
rupted by  a  verj'  small  screen  placed  so  as  to  allow  the  wave 
motion  to  puas  it  all  round  its  edge,  Fig.  77  shows  that  dis- 
turbances passing  round  this  obstacle  produce,  even  behind  the 
Bcreen,  hyperbolic  fringes  of  maximum  disturbance,  between  which 
there  may  be  traced  hyperbolic  fringes  of  minimnm  disturbance 
where    crests   coincide  with   troughs ;    and    that,  further,  even 


Wave  traversing  an  aperture. — The  aame  kind  of  Bgure 

shows  thai  a  wavtj  wliose  wave-Lbugth  is  small,  passing  througli 
an  aperture,  gives  fringes  of  maxinium  and  minimuta  disturbauoQ 
boyoud  the  edge  of  the  aperture.  A  very  curious  resxilt  is.  that 
a  wave-front  paaaing  througli  an  nperturo  may  praduco  no  move- 
ment in  a  point  nituated  immediately  opposite  its  centre,  if  there 
be  interference  between  the  waves  proceeding  from  the  edges  and 
those  from  the  central  regions  of  the  aperture. 
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Relation  of  the  wave-length  to  Fringes. — ^The  position  of 
the  fringes  depends  on  the  wave-length.  The  smaller  the  wave- 
len^h,  the  nearer  to  one  anothar  will  the  frinyes  be.  If  the 
incident  wave,  diverging  from  a  point,  he  compound,  each 
component  will  form  its  own  set  of  fringes  without  reference  to 
the  others,  and  any  particle  within  the  field  of  fringes  may  be 
Btataonary  as  regards  one  of  the  component  vibrations,  while  at  the 
same  time  it  is  affected  by  the  others. 

Etnergy  of  S.H.M. — If  n  S.H.M-  \m  wlwU)"  in  vnv  plane,  its  energy  is 
wholly  kiuvtii;  as  liiu  uiuvLnt!  btnly  (mraee  its  uiiddle  point  ;  it  is  er^ual  to 
i  mv'  where  v  is  lh«  velocity.  If  unoUier  S.II.M.  of  equal  amiiliiuile  and 
period  be  compouniled  witli  tlie  lirBt,  tlie  eQcr^y  is  now  iloubled.  In  circular 
motioa  the  two  KHJU.'.^  ilirttr  by  I  period  ;  whin  the  eucrj^'y  of  tSic  oot  ia 
wholly  potential,  tlijtt  of  the  otbtT  is  wholly  kinotic,  and  ui«  txrsS.  The 
energy  of  a  circular  oiorf^iucnt  of  vclocitj-  t',  when  the  moving  body  la 
kttraete<l  towiirds  the  centre  by  a  furce  whiiih  variefl  inversely  oa  the  di«plftcc- 
meiit  from  the  hody,  in  inu^  ;  of  whioh  half  ia  kinetic,  half  [<o1i-ntiiil. 

The  Kiii^rgy  of  a  H.H.M.  is  pnipiirtiijiial  to  Ilie  Sijuiin;  of  it*  Arapit* 
tude.  Thi-  (in(;iiluT  *vliicity  is  ciinwUrit,  for  S.H.Sf.'-*  iiro  iwrlirnriciiiii  ;  the 
Telocity  in  the  circiv  of  ri«f«rciLco  viiriM  n»  ihc  rmiiii",  i.*.,  w  the  amplitude  ; 
the  Energy  varie«  as  the  wjn&c'e  of  the  veEocity  with  which  tlje  body  execut- 
ing the  S.II.Iti.  passes  the  mid|>oint ;  tbia  velocity  ia  the  etuue  ns  the  velwity 
in  the  circle  of  reference  ;  therefore  tite  Eoergy  varies  at  the  square  of  the 
amplitude. 

Bnerery  of  wave-motion. — The  energy  nf  a  wave-motion  in  equally 
divided  betwecTi  thr.  poteiitinl  nnd  the  kinetic  fornia.  Let  113  first  consider 
a  hnear  wave  :  nt  the  crest  and  At  the  troiigh  thp  whole  cnrrpy  ia  potcntia.1  ; 
tnidmy  between  ck^  and  trough  the  cner^^y  of  the  part.ii'k-<«  oa  tht-y  pau 
tbrou};b  their  mean  position  is  wholly  kinetic  ;  elscwhctv  all  the  particles 
are  syuunctrically  and  continuously  loaing  potential  and  gaining  kinetic 
energy,  or  gaining  potential  while  Io»dag  kiitutic  energy  j  the  gains  muat  be 
eijiul  to  the  li)!vti<«,  for  thtrre  ih  no  change  in  the  tyjui  of  vibration,  and  nu 
ebange  in  tl»:  cLinount  either  of  i^iileiLt.iiii  or  of  kin«tic  energy  (friction  being 
imagineil  absent).  Hence  itie  whole  cucr),'y  of  the  wave  is  divided  into  two 
equal  moieties,  kinetic  and  potential  in  tbeir  tuapectivc  forms.  In  a  circular 
wnvQ  the  kinetic  pnergy  in,  under  the  same  fupposition,  invariable  in  its 
abwlate  amount,  and  tlic  potential  «iier)jy  bean*  to  it  the  aouie  symmetrical 
fixed  ratio  of  c(|tiality.     So  for  tridimensiounl  wavea. 


CHAPTER   VI. 

KINETICS. 

General  proposttionr  relating  to  tlie  possible  forms  of  motion 
find  tlieir  parallel  iu  those  relating  to  the  forces  wliioh  produce 
motion.  The  formula  /  =  ma,  already  estiibUshed,  ahows  that 
every  force  is  measured  by  the  motion  wliich  it  produces.  In 
tliis  way  we  see  that  the  truth  of  the  propositions  entitled  tbe 
I'arallelogram  of  Velocities  and  tliat  of  Acceler&tions  involves 
that  of  a  similar  proposition  in  regard  to  Forces.  Two  forces 
acting  on  a  single  particle  produce  the  same  result  as  would  be 
produced  if  a  single  force  were  acting  on  it,  represented  in  mag- 
nitude and  dii-ection  hy  the  diagonal  of  a  parallelogram  of  which 
tlie  two  single  forces  tu'c  represeuted  in.  the  saiuo  rc^sixiets  by  the 
adjacent  sides.  Tliia  is  the  proposition  of  the  "  ParaUelogram  of 
Forces."  In  the  same  way  we  have  a  Parallelipedon  of  Forces, 
ju3t  as  we  have  one  of  velocities.  Hence  if  two  component  forces 
be  at  right  angles  to  one  another,  the  square  of  the  resultant  force 
will  be  equal  to  the  sum  of  their  squares.  Itcfer  to  Fig.  11;  let 
it  be  desired  to  apply  force  to  a  particle  lying  at  A,  so  as  to  make 
it  move  in  the  direction  AC :  the  available  force  is  represented  in 
magnitude  and  direction  by  the  line  AI> :  then  obviously  this 
force  cannot  exert  its  full  effect  in  the  direction  AC;  it  is  only 
its  effective  component  in  that  direction  that  can  produce  any 
such  effect :  this  component  is  repi-esented  by  the  Hue  AC.  Tlie 
other  component  AB,  at  right  angles  to  AC,  can  produce  no  such 
effect.  This  is  an  example  of  the  Reaolation  of  Forces.  Plainly, 
we  may  resolve  any  force  into  two  components  at  any  angle  to 
one  another,  just  aa  we  may  so  resolve  a  velocity.  In  tridimcn- 
Bioual  space  we  may  resolve  a  force  into  three  components. 
Suppose,  then,  such  a  question  as  the  following  :^ — A  pull  is  made 
in  the  direction  AD  ;  this  pull  is  designed  to  draw  an  object 
through  a  tube  whose  direction  is  AC:  what  proportion  do  the 
component  effective  in  pulling  down  the  object  and  the  lateral 
pressure  on  the  walls  of  the  tube  respectively  bear  to  the  force 
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applied  ?  If  Fig.  1 1,  a,  were  drawn  with  the  propftr  angle  d  be- 
tween the  direction  of  application  of  the  force,  and  the  line  along 
which  the  object  is  to  be  drawn :  then  the  effective  component 
would  be  represented  by  AC,  and  tlie  component  producing  lateral 
pressure  by  AB.    But  All  =  AD  sin  8;  AC  =:  AD  cos  ^ :  or — 

AB  :  AD  :  :  sin  tf  :  1 

AC  :  AD  :  :  cos  tf  :  1. 
HencCj  if  AD  be  taken  as  unity,  AB  and  AC  may  easily  bo  found, 
if  the  angle  0  he  known,  by  finding  the  ^-alue  of  sin  6  and  coa  0  in 
a  table  of  trigonometrical  ratios.  If  AD  have  any  other  value 
Uian  unity,  the  values  of  sin  0  or  cos  6  derived  £rom  the  tables 
must  be  multiplied  proportionately. 

Problem.— A  furou  of  SO  Ibe,  ie  ap[>lit)d  to  a  solid  hody  drawn  down 
s  fixed  L-utiul  wlucb  tlio  solid  body  exactly  fits  ;  tlio  anijle  8  wlilcli  tho 
direction  of  tmction  iTiakcH  with  the  njcin  of  thn  caikiU  itt  S0°.  What  is  iho 
eOcctive  cmnipnnent  available  in  pulling  the  solid  hody  1  and  wJiat  ts  the 
pieaaoK  producwl  by  ilie  traction -force  ou  the  walla  of  the  canal  1  In  Fig. 
1 1,  O,  if  6*  he  S&°,  AD  rL'prt«ents  the  force  appUcd  equivalent  t*  the  weight  of 
a  fiO-lb.  niMB  ;  AC  represents  the  effective  component  =  AD  x  con  6  ;  AB 
tep»«ent«  the  component  at  riRht  ftngles  to  AC — that  Ia,  the  dctrimenul 
piMmue « AD  X  nin  tf.  JJutcoa  2!)'  = -8746197  ;  sin  2D*  = -4848096.  The 
effective  componeDt  is  thus  ■874B197  of  tin--  force  applied — i.A,  it  ia  eq^ual 
to  43-731  lbs.;  tho  detrimental  presFure  its  S4'210&  lbs. 

It  seems  ruthur  surprising  tliat  the  cilective  and  lateral  com- 
poucntti  togetiier  ifhould  appear  to  be  so  much  gr&aler  than  the 
original  force  applied.  But  we  have  already  seen  that  there  is 
no  law  of  the  Conservation  of  Force,  though  there  is  a  law  of  the 
Consen'ation  of  Energy.  The  principle  of  the  Conservation  of 
Energy  is  main- 
tained, for  the  on- 

ergy  imparted  in  a        --B 
given  time  is  pro-       ^^ 
portJonal  to  squares 
of  the  forces  acting, 
and  the  aquares  of 
AB    and   AC   are 
together  equal    to 
the  square  of  AD. 
Experimental 
proof  of  the  Par- 
allelogram of  Forces. — A  cord,  two  masses  of  12  and  13  lbs. 
■     respectively,  a  pulloy,  and  a  dynamometer,  are   arranged   ou   a 
H     beam  as  shown  in  Fig.  78.     The  string  can  be  adjusted  so  that 


riff.78. 


KINEHCS. 


ICBi 


tlie  angle  BAG  may  have  a  wide 


o£  values:  for  ev« 


range 

position  there  is  a  con'espoiKliug  stress  on  the  dynamometer.' 
Wlieii  AC  and  AC  iiro  iit  riglit  angles  to  oue  another,  the  spring 
of  the  dynamo  meter  is  pidled  out  to  exactly  the  same  extent 
as  it  would  have  been  by  the  weight  of  a  5-lb.  mass.  Tlie 
dynamometer  may  be  replaced  by  a  5-lb.  mass  suspended  over  a 
pulley;  in  that  case  the  cord  would  so  adjust  itself  that  tlie  angle 
A  would  he  a  right  angle.  Here  5«+ 12'  =^  13*  or  25  +  144  = 
169  ;  and  the  law  is  confirmed. 

In  a  similar  way,  the  propositions  known  as  the  Triangle  of 
Velocities,  the  Polygon,  etc.,  are  replaced  in  Kinetics  by  the 
Triangle,  the  Polygon,  etc.,  of  Forces ;  and  the  resultant  force 
13  the  missing  side  of  tlie  triangle  or  polygon,  of  which  all  the 
eidea  except  the  missing  one  represent  the  various  forces  acting, 
in  precisely  the  fashion  already  studied  uudci'  Kinematics. 

Centre  of  Figure. — We  have  already  seen  that  a  rigid  body, 
of  whicii  tlie  aeveral  particles  are  subject  to  accelerations  which 
are  ctiiial  and  parallel  to  one  another,  moves  as  if  it  were  con- 
centrated at  its  centre  of  figure,  which  ia  subject  to  a  single 
acceleration.  A  body  may  thaa  be  acted  upon  hy  parallel  forces 
affecting  ita  particles,  the  re3ult  being  the  some  as  if  a  single 
force  had  acted  at  the  centre  of  figure  j  while  conversely,  if  a 
single  force  act  at  the  centre  of  figiire,  the  result  is  to  impart 
parallel  and  equal  accelerations  to  adl  the  particles,  and  thereby 
to  effect  a  trauslatiou  of  the  body.  Hence  most  of  the  proposi- 
tions of  Kiuemalics,  which  describe  the  motion  of  a  single  point, 
may  he  transferred  to  Kinetics,  not  only  as  relating  to  the  move- 
ments of  single  particles,  but  also  as  relating  to  trauslatioo  of 
material  bodies. 

Inertia  of  Matter. — If  in  any  system  of  bodies  there  be  no 
force  acting,  the  formula/—  ma  =  0  shows  that  a=i),  tliat  Uiere 
ia  no  acceleration :  hence  if  there  he  no  force  acting,  there  is  no 
change  in  the  speed  with  which  a  body  is  moving,  or  in  ita  state 
of  rest;  as  the  case  may  be;  in  other  words,  Matter  has  Inertia. 
This  is  Newton's  first  law  of  motion,  and  it  appears  to  be  here 
derived  from  the  formula ;  but  it  will  be  remembered  that  the 
formula  was  it'^elf  derived  hy  implication  from  that  law. 

Examples  of  Inertia. — Examples  of  this  abound.  Collisiona 
between  ship^  and  UuLween  trains  wliich  do  not  stop  if  there  be 
not  Butlicient  retarding- force  at  command ;  trains  passing  stations 
when  their  speed  is  great  and  the  rails  are  slippeiy ;  a  person 
falling  off  the  stem  of  a  boat  or  the  back  of  a  cor  when  the 
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veliiulti  iiiukua  a  suddBO  movement  forwards  in  which  his  body 
does  not  participate ;  the  onward  motion  retained  by  a  rider 
when  hia  horse  stops  under  him ;  the  jerk  received  by  a  horse 
suddenly  startdng  in  order  to  set  in  motion  a  heavy  waggon; 
when  the  wn^fon  is  nmning,  if  the  horse  suddenly  stop,  he  is 
braised,  for  the  massive  waggon  does  not  stop  at  once ;  a  grey- 
hound chasing  a  hare  is  canied  forward  and  cannot  atop  or  turn 
his  path  instantly  at  the  spot  where  the  hare  doubled  or  turned 
abruptly  from  her  course ;  the  iucttia  o£  the  dust  of  a  carpet, 
when  Uie  carpet  is  beaten — the  carpet  moves  forwards  at  each 
blow,  but  the  dust  remains,  and  is  thus  separated  from  the  car^K^t 
and  blown  away  by  the  wiad ;  tbe  inertia  of  the  dust  when  it  is 
shaken  off  a  book — tbe  book  and  dust  are  made  to  describe 
together  a  rapid  movement  in  the  air — the  book  is  suddenly 
arrested  by  a  smart  blow,  wliile  the  dust  does  not  stop  but  moves 
onwards;  the  inertia  of  the  snow  which  in  the  same  way  is 
kicked  off  one's  boots — the  boot  is  suddenly  stopped,  but  the 
snow  goes  on,  and  is  thus  shalicn  off;  the  inertia  of  loose 
grain  cargo  in  a  ship — it  acquires  a  certain  velocity  when 
the  ship  rolls,  and  does  not  stop  when  the  ship  anives  at 
its  normal  limit,  but  pours  on  so  as  sometimes  to  make  the 
sliip  roll  beyond  the  limits  of  safety ;  the  oscillations  of 
mercury  in  an  ordinary  barometer  at  sea,  the  mercury  being 
jerked  up  by  each  roll  of  the  ship  j  the  inertia  of  the  mercury  in 
a  mercury  manometer  used  to  investigate  fluid  pressure- — the 
variations  in  the  height  of  the  mercurial  column  hciiig  greater 
than  the  real  variations  in  tlie  jiressnie,  for  the  mercurj'  iloes  not 
stop  movitig  wlicu  tbe  fluid  pressure  ceases  to  rise  or  fall;  the 
inertia  of  water  in  house  water-pipes  if  it  be  set  to  run  and  then 
suddenly  stopped — the  water  is  compressed  against  itself  and  a 
TJolent  jerk  is  produced,  which  is  utilised  in  the  hydraulic  ram ; 
the  inertia  of  water  in  the  case  of  the  water-supply  of  the  loco- 
motive engines  of  passenger  express  trains  on  the  L.  and  N.W. 
liailway  system — the  engine  puts  down  a  tube  tbe  lower  end  of 
which  acts  as  a  scoop  for  the  water,  which  tends  to  remain  in  its 
trough  on  the  ground  between  the  rails  and  at  rest  relatively  to 
the  ground,  but  this  being  equivalent  to  a  backward  movement 
relatively  to  the  engine,  the  water  sUps  up  the  inclined  tube  into 
the  tender  if  the  train  be  moving  at  sufficient  speed. 

There  are  some  further  remarkable  consequences  of  the  inertia 
of  matter:  a  body  may  be  atmck  or  pres^scd  so  suddenly  that  it 
stands  practically  at  rest  during  the  time  that  the  blow  is  being 
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spent  on  it,  and  it  may  be  crushed  or  braken  by  such  a  blow.  A 
grain  of  corn  or  a  granule  of  gold-qtiartz,  if  thrown  up  into  the 
air  and  struclc  a  blow  by  an  iron  bar  moving  at  the  rate  of  aliout 
180  feet  a  second,  will  He  cnished  by  compression,  and  will  be  by 
a  succession  of  sucli  blows  very  effectively  pulverised.  Milling 
machinery  has  beeu  constructed  on  tliia  principle.  A  bullet  in  a 
gun,  though  free  to  move  ouvrards,  is  crushed  against  itself  before 
it  fairly  Btarta,  so  that  tlie  soft  lead  is  moulded  into  tho  grooves 
of  the  rifle-barrel  by  the  rapidly -applied  pressure  due  to  the 
explosion  of  quick-burning  gunpowder. 

Another  uwimple  is  afforded  hj  ttiat  ioAtramcnt  with  th*  aid  of  which 
M.  RoMpclly*  hu  ii]V6st);gnt«d  the  movemDnt«  of  Uic  lanmx  HurinK  tho 
emiBsion  of  moudiIh.  A  heavy  mass  of  metal  is  Bospeuded  in  a  light  (nine- 
work  which  ia  ti«il  over  the  larynic :  as  this  mam  caiinot  at  once  {uirticip&t« 
in  the  rapid  moTeinents  which  the  vibiiitiuii  of  the  1ar)iix  cuaiiDunicatM  to 
the  Light  tmBicivurk,  it  foruis  a  kind  uf  fixud  ]>oint,  and  the  light  framework, 
OS  it  vlbiHtcs  iu  ^uiiUk<:t  with  thu  akm  over  thu  luryiix,  iiiiiy  Htrike  it  a  ktics 
of  blows  ;  these  may  cauBu  an  cleetric  current  to  he  aUcniutcly  made  uid 
hroken  ;  the  number  and  frequency  of  th(se  intemiptioos  may  Ih)  ngistultd 
on  an  appropriate  recording-inptrnmfiDl. 

Further,  the  inertia  of  matter  is  a  property  of  retaiuing  what- 
ever muLion  an  object  liaa,  and  that  in  a  plane  fixed  iu  space 
without  reference  to  the  movementa  of  surrounding  objects,  mJess 
these  are  so  connected  with  it  as  to  be  able  to  affect  it3  motion. 
A  hammock  retains  its  position  in  space  independently,  iu  the 
main,  of  the  roll  aud  rock  of  the  ship.  The  statement  would  be 
approximately  accurate  that  the  hammock  does  not  swing  in  the 
ship,  but  that  the  ship  swings  enclosing  the  hammock,  which  may 
for  any  short  period  of  time  be  regarded  as  moving  onward  in 
space  with  the  averse  velocity  of  the  ship,  but  independent  of 
iL  A  lung  and  heavy  pendulum  set  to  swing  in  one  jilanc,  and 
connected  by  a  very  slender  attachment  to  the  roof  of  tlic  building 
in  which  it  is  suspended,  will  swing  in  the  same  platm  iu  absolute 
space  though  the  earth  rotate  under  it :  the  appareut  result  is,  that 
the  plane  in  which  the  pendulum  swings  gradually  alters  its 
aspect,  80  that  tho  pendulum  swings  aucccsflively  in  every  possible 
direction.  The  real  state  of  the  case  is  not  that  tho  heavy 
pcnduhim  alters  its  direction  of  oscillation,  but  that  the  earth 
rotates  or  has  a  component  of  rotation  under  the  pendulum.  If 
a  heavy  wheel  be  set  iu  motion,  it  will  in  tlie  same  way,  if  it  can 
rotate  for  a  sufliciently  long  time,  show  the  same  phenomenon,  for 
it  tends  to  continue  to  rotate  in  the  same  plane  iu  space. 


■  Tr»r.  da  Laboratoira  do  M.  Mawy,  1876. 
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Momentum. — ^The  product  MV  of  M,  tlie  mass  of  a  moving 
body,  into  "V,  its  velocity,  is  called  the  Momentum  of  tlie  body. 

If  a  shell  explwle,  its  fragments  form  a  system  of  bodies  moving 
at  dilTertint  velocities.  The  average  velocity  of  the  centre  of 
figure  of  the  whole  system  is,  however,  unchanged:  some  frag- 
ments travel  with  a  greater,  some  at  a  leas,  velocity  than  that 
with  which  the  shell  had  travelled  before  the  explosion;  but  the 
mass  M  is  unchanged  thciigh  differently  aiTaiiged,  the  mean  velo- 
city of  the  system  is  the  same  as  that  of  the  original  shell,  and 
thus  the  niomcntinn  uf  the  whole  system  is  the  same  after  explo- 
sion us  before  it 

Impact. — If  there  bo  two  indoMic  bodies  of  masses  m^  and 
m^  re.s]itv;lively,  of  which  the  first  moves  with  velocity  v^,  while 
the  second  is  at  rest :  if  the  moving  one,  whose  momentum  is 
m^u^,  strike  the  other,  it  will  divide  its  momentum  with  that  other; 
it  itself  will  travel  more  slowly  wliile  the  other  is  set  in  motion; 
but  the  two  travel  together  with  a  common  velocity  V. 

This  whole  injias  moving  ivttli  Uiia  now  Telncity  V  in  (m,  +  m„) ;  itfl 
tDonicntum  »  equal  to  the  ori^nol  m^i\  ;  hence  the  velocity  V  aiaj  bo  found 
by  Btatiog  this  equality  of  tnomtnta  in  liic  form  of  tli«  equation — 

If  the  moss  m^^  be  lai^c  in  comparison  with  m^,  the  velocity 
V  is  much  less  than  v^.  If  a  man  lie  with  an  anvil  on  his  chest, 
and  the  anvil  be  struck  a  blow  with  a  hammer  relatively  not  too 
heavy,  the  person  lying  down,  if  he  can  support  the  anvil,  will 
not  be  much  affected  by  the  blow,  for  the  movement  imparted  to 
the  anvil  will  be  slow  as  compared  with  that  of  the  hammer. 

I*ot  lh«  two  inclufitic  uiafisia  ho  m,  and  m_,  nmving  with  the  rcapectlv'U 
viJocitica  tJ,  and  »,_,  and  togulher  moving  after  impact  with  thp-  velor-ity  V  ; 
the  peai)ectiTQ  momenta  of  the  niaiw^  before  impact  were  m,!)^  and  wi^*"^  ; 
that  nf  the  conjoinci]  niosB  after  impact  is  (>»,  4-ritJ  V.     Hence 

m-ji'.  +  m^r,  ==  (m,  +  mj  V. 

V  -  "■*''+  "»"-      (1  \ 

It  was  found  exp«riiacuta11y  by  Newton  that,  in  nuch  o  ciuie,  the  motneiitum 
I^t  by  oii(j  body  was  equal  to  tlint  gained  by  the  other.  To  espmas  thiii 
al^braicoUy,  if  M  rcpreftrint  the  momentum  gained  by  one  and  lost  by  th« 
Otiifir 

m,V-  ift,ti,  =  M.     (S.J 

"^-''.-"-V  =  M.     (3.) 

F^m  either  of  tbeae,  with  thw  did  of  eqimtioo  (1)  we  find 
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Appeu^nt  loss  of  Energy, — lu  lUui  case  tlto  kinetic  eaergy  after 
impact 

(U,  i  oia«,  X  V  =  i  K  +  ..J  (  "■"■  t;  "-^-  y  -  h  ^"-^-  -^  "-^•^'  ) 

IB  lesa  than  the  siim  of  tlic  kiu«tic  energies  bfcfopc  irupnct  (wLit^h  were  J  m«,' 
and  ^  ^jvj).  This  ii  not  triio  if  u,  be  equal  to  v^,  but  in  that  ca«  tlic  two 
bcHiifS  woulil  be  travelling  in  the  same  direction  with  equal  speed,  and  the 
one  could  not  overtake  and  strike  the  other.  The  energy,  which  has  appar- 
ently dtfiappejired,  liait  asuiiiiitHl  the  furiti  i>f  Hent, 

Impact  of  Elastic  Bodies. — We  may  here  auticipate  a  state- 
ment of  the  nature  of  Elasticity  so  far  as  to  aay  that  a  perfectly 
elaatic  boily,  ptwsesseil  of  a  certain  amount  of  kinetic  energy,  and 
striking  a  perfectly  rigiil  body,  will  rebound,  and  it  will  be  found 
that  the  body  possesses  aa  much  kinetic  energy  after  the  impact 
as  before  it;  for  it  leaves  the  rigid  body  with  a  velocity  equal 
to  that  with  which  it  approBchod  it.  The  moss  and  the  velocity 
being  nnmcrically  imchanged,  the  momentum  is  numerically  equal 
after  impact  to  that  before  it ;  but  as  it  is  no  longer  mv  but 
m  X  ( —  *)  =:  —  mv,  it  has  become  negative,  and  has  therefore 
altered  by  an  amount  equal  to  2mv.  If  the  body  be  imperfectly 
elastic,  so  that  the  velocity  is  not  completely  regained,  it  is  found  ex- 
perimcnttdly  that  it  returns  with  a  certain  frucLiun,  X,  of  its  original 
velocity  (this  fraction,  \,  being  called  the  coefficient  of  restltu- 
tion),  and  the  change  of  velocity  is  not  2v  but  (1  +X)  v;  and  its 
momentum  lias  become  negative  and  =  —  m\v,  so  that  it  has 
changed  by  tlio  amount  (1  +  \)  mv. 

If  two  iiuLF«t:d  m,  and  tn_,  muving  with  relociticv  v,  and  v^,  and  formed 
of  Huch  niakriut  ihaL  the  coeiBcLtint  i>(  rvstituLiuii  lH:twvun  th<^i  in  A,  Ktnki^ 
one  another,  they  will,  after  impact,  trai-cJ  with  vclocitiea  V,  and  V„.  The 
montentam  gtiinod  hy  otiu  is  equal  to  thitt  lont  hy  the  other ;  but  it  ia  not 
equal,  OM   it  in    in   the    cam  o(    im-lnxtic    Ijodit.^  where   A  =  0,   xiniply   to 

. .'. . ".^  ".  ~. — ii,  but  to(14-X)  X  that  qnantity.     This  equality  of  inomeuta 
m,  +  t», 

is  expreseed  by  the  equations — 

(1)  Gained  by  m  ;  mV, -mp=(l  +  A)  "'""  ^^'  "  ^^. 

m,  +  m^ 

(2)  Lort  by  m  ;  m  t  -  m  V  =  (I  X  A)  'V"-  f"'  "  0. 

m,  +  m^ 


^ 


n.I 
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Tukc,  u  a  particular  Jnntaaco,  the  ca*e  in  uhicli  the  cWtlcIty  h  perfect 
or  the  R&titution  complete  («.(.,  A.=  l};  atiiL  t!ie  balU  which  elriko  ooe 
another  are  of  equal  weight,  80  that  to,  -^  m_  ;  then  V,  ■=  v^  and  V„  =  w,. 


and 


elasti 


e  another 
velocities. 


perfectly 
directly  in  Uie  lino  juining  tbeir  cealros 
and  that  whctiicr  they  iiietit  or  overtake  one  anotliBr. 

Oblique  Impact. — If  a  Lall  strike  a  rigid  surface  obliquely, 
ita  motion  relative  to  that  Burface  may  be  resolved  into  two  com- 
ponents :  ono  parallel  to  it,  which  is  not  affected  by  the  impact ; 
the  other  at  right  angles  to  it,  which,  after  impact,  will  be  wholly 
or  iTi  jKirt  raitored  in  the  reverse  direotion.  Reference  to  Fig.  60 
will  abow  that  if  \  =  1,  the  an^le  of  reflexion  will  be  eiiual  to  the 
angle  of  incidence;  while  if  X  be  less  than  unity,  the  angle  of 
reflexion  will  be  proportionately  less  acute  to  an  extent  easily 
determined  by  construction. 

If  the  oblique  impact  be  V'tiretfn  two  ^m\U,  tlif  invcstigatioQ  is  based  on 
RimiUr  principle*  Tjike  a  lin*  joininR  Iheir  centres  of  figure  ;  in  ti  direction 
at  right  angles  to  this  line  the  motion  is  unatrected  bjr  the  impact,  aiiil  tho 
component  in  ttoB  direction  will  be  the  same  after  liupact  as  betutv  it ;  in  the 
Untt  jvmliig  the  centres  of  flgiire,  the  velocities  V,  and  V  amy  bu  found  aa  in 
UiB  pncvdiug  iliHcuBsiou.  By  cuiupouudiug  tlit;  voinpontnt  vulociUca  after  im- 
pact, the  resultant  rchiutius  and  tlii-ir  din-ctiou  may  be  found.  In  pntctice.  as 
thft  two  balls  nre  pmwing  one  another  in  contact,  friction  between  their  Bur- 
beta  tAMt^»  A  Tel&tivc  delay  of  nn«  anpt-ct  of  each,  un^l  oaiisui  ruUtion  of  the 
hiUfl  ;  the  energy  necessary  for  this  is  taken  from  that  thtoretii^ly  available 
tor  the  direct  translationol  morcincntM  of  the  balls  aa  wholea. 

Energy  in  impact  of  Elastic  Bodies. — In  the  case  of  per- 
fectly elastic  boiiies,  ttio  energy  after  impact  is  equal  to  that 
before  it;  ^  m//  +  I  m.\\^  -  J  m^v/  +  ^  ni,«,/.  If  \  be  leas 
than  1,  there  is  apparent  I053  of  Energy,  wliich  has  assumed  some 
Other  form  than  that  of  motion  of  the  mass.  If  a  horse  with  loose 
traces  nish  forward  and  joLt  a  car,  tlie  energy  wliich  disappears  is 
wasted  in  the  form  of  heat>  or  deleterjously  spent  iu  disintegration 
of  the  materials  of  the  car,  or  in  bruising  tlic  animal. 


"  Centrifugal  Force,"  so-called. — It  has  been  already  shown 
that  when  a  body  describes  a  curved  path,  there  is  an  acceleration 

towards  the  centre  =  -_,  where  v  is  the  tangential  velocity  in  the 

curve,  and  r  the  instantaneous  radius  of  curvatuTD.     If  the  path 

be  a  circle  of  radius  H,  the  acceleration  is  constantly  =  „.     Tlie 

component  force  drawing  it  from  the  tangential  path  b  therefore 


one  which  produces  au  acceleration  towards  the  centre  =  s,  and  is 

itself  equal  to  p  .     Suppose  a  Btone  of  mass  m  to  be  whirled 

round  like  a  slingstone  by  a  strinfj.  but  in  a  perfectly  circular  path. 
The  taiigcTitial  velocity  at  any  iuataut  may  be  resolved  inio  two 

coiuponeuta,  one  along  the  circle,  one  away  &om  it  =  -g  ;  the  latter 

is  nullified  "by  the  tension  of  the  string.     The  tension  of  the  string 

must  =  d"   *inita  of  forct;.    If  the  string  snap,  both  comjionents  of 

the  tangential  velocity  come  freely  into  joint  and  simultaneous  play, 
and  the  body  moves  on  in  the  resultant  straight  line.  The  two 
components  of  the  langeutial  velocity  produce  different  results : 
tlio  one  freely  luauifests  itself  aa  motion  in  the  curved  path,  the 
other  tends  to  communicate  itself  to  the  string,  and  corresponds 
to  a  stress  whicli  is  set  up  in  the  string  by  the  action  of  its  molec- 
ular foraes.  The  string  is  tlius  under  stress — it  is  strL-tched,  it  is 
under  tension,  and  this  is  the  same  as  would  be  established  by  a 

force  = 


1 


mil' 


I 


J,  units.      If  it  were  cut  or  suappetl,  it  would  cease  to 

exercise  tension,  and  the  stone,  flying  off  along  the  tangent  to  the 
point  where  it  happened  to  be  at  the  instant  of  snapping,  would 
then  obey  Newton's  First  Ijiw  of  Motion, 

It  does  not  fly  straight  from  the  centre,  and  hence  there  is  no 
"  centrifugal  force  "  counteracted  by  the  tension  of  tlie  string ;  the 
tension  of  the  string  does,  however,  balance  the  centrifugal  com- 
ponent of  the  tangential  velocity  at  every  instant. 

Any  string  will  snap  if  force  bo  applied  to  it  beyond  a  cer- 
tain limit  If  a  string  be  just  so  strong  that  N  grammes  of  matter 
may  ho  suspended  on  it  without  its  snapping,  it  can  survive  the 
application  of  981N  units  of  forcn.  IE  this  string  be  used  to 
whirl  a  slingstone  of  mass  m,  it  will  snap  unless  the  velocity  v  be 

9dlN — that  is,  v  must  be  less  than 


such  tliat  -u-  is  less  than 


y 


m 


If  tlie  velocity  be  greater  than  this,  the  string  will 


snap.  As  the  velocity  increases,  its  centrifugal  component  in- 
creases, and  requires  a  greater  force  or  reaction  to  be  oxorted  in 
a  direction  towards  the  centre  in  order  to  bend  the  patli  into  the 
same  curve  in  a  shorter  time,  In  the  same  way,  if  a  (ly  stand 
on  the  rim  of  a  rotating  wheel,  the  tension  between  the  foot  of 


tl] 
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ihe  Qy  and  the  rim  of  Uic  wliecl  may  become  so  great  lliat  the 
fly  cannot  hold  on  and  is  hurled  off.  li\nieii  a  grindstouo  or  fly- 
wheel is  rotated  too  rapidly,  the  mulecular  fort'^s  of  colieaion  cannot 
keep  the  particles  lo^utkcr  a^aiust  their  tendency  to  fly  off. 

If  the  earth  rotated  on  ita  axis  seventeen  times  as  fast  as  it 
does,  the  attraction  of  gravitation,  the  effect  of  which  is  evcu  now 
masked  to  some  extent  by  the  rotation  of  thn  earth,  would  only 
just  he  able,  at  the  equator,  to  keep  bodies  from  flying  off  its 
surface. 

When  a  drop  of  oil  is  suspended  in  a  mixture  of  spirit  and 
water,  so  that  it  is  free  to  assume  any  form,  and  a  motion  of 
rotation  is  communicated  to  it,  the  globular  drop  assumes  the 
form  of  an  oblate  spheroid,  and  bulges  at  its  equator ;  for  particles 
at  iU  ortHinal  equator  have,  when  sot  in  motion,  a  graater  velocity 
than  tliosu  nearer  its  poles.  For  the  Sixme  reason  the  eartli  itoelf 
has  assumed  the  form  of  an  oblate  spheroid. 

In  the  trundling  of  a  wet  mop,  when  tlie  drops  fly  off  bccausfl 
they  do  not  adhere  so  tirmly  us  to  be  iiUe  to  devclope  tension 
sufficient  to  cause  them  to  retain  their  position — in  the  rotation 
of  a  steam  governor,  tlie  balls  of  which  fly  asunder  as  the  speed 
of  the  engine  increases,  thereby  actuating  an  appropriate  train 
of  mechanism  which  to  a  greater  or  less  extent  shuts  oEf  t^s 
steam — we  find  examples  of  this  phenomenon.  If  a  man  were 
placed  on  a  revolving  table,  with  liis  ieet  towards  the  centre, 
the  blood  in  his  body  would  be  urged  towards  his  head;  and 
this  has  actmdly  been  proposed  us  treatment  in  bloodlessness  of 
the  brain. 

When  a  circular  cylindrical  vessel  containing  water  is  rotated 
on  ita  axis,  the  water  is  heaped  up  towards  the  sides  of  the  vessel. 
1(  the  speed  exceed  a  certain  limit,  the  water  will  bo  hurled  over 
the  sides  of  the  vessel,  imd  if  the  supply  of  water  and  the  rotation 
be  continuous,  an  engine  may  expend  its  energj*  in  thus  continu- 
ously lifting  water  against  gravity.  Mr.  Siemens  has  made  use  of 
this  principle  in  the  construction  of  a  governor  for  machinery ; 
when  the  engine  goes  too  fast  it  begins  to  spend  euergy  in  pro- 
ducing this  current  of  water.  The  form  of  the  surface  of  water 
thus  produced  is  always  parabolic. 


If  a  particle  movo  in  a  circle  whose  radius  is  r  with  angular  velocity  tn, 
the  AcLuol  apace  traverwd  by  it  in  time,  (,  ia  nut,  its  vt-locity  per  second  is 
ru ;  the  [ot<x  necessary  to  iuipnrt  tliia  velocity  in  a  second  is  mru;  the  £iiet;gj 

of  Its  movenieat  u  . 
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Moment  of  Inertia. — Tf  a  miu^  M  and  a  point  in  space,  internal  or 
external  lo  the  moAS,  be  considLTcd  in  relation  to  each  other,  the  uamu 
Moment  of  Inertia  la  given,  and  the  symbol  I  ia  usimUy  aligned  to  tliL- 
iiiiini^riail  qnantity  which  is  obtAineti  hr  summing  up  in  apprrt{>riate  unit» 
the  prodiirU  of  the  niuaa  m  of  E»di  particle  of  the  muse,  nnd  the  square  of  ita 
coiT(!«pon<]iDg  diHtance  rl.  This  opcratioin  gt-nerolly  requires  thv  aid  of  the 
Int^ral  Ctikulus,  hut  tlie  reHiiltant  nuni,  Xtrui',  in  a  uiunericul  quiintity,  aad 
is  always  ]>o»iitive. 

Badlua  of  O-srration. — i>upp»iu  a  uuifumi  (Esc  of  ndiuB  1  fU  to 
rotate  round  iU  cliiUv  uinl«t  Hw-  uctiun  of  a  j^vim  force,  it  rotatoa  with  lew 
ttoguUr  velocity  than  it  wwuld  iiMiinie  if  the  same  force  were  applied  to  Iho 
saniv  mutter  gathered  neater  the  centre ;  for  /  =  mrui,  and  if  r  increase,  u 
diuiiulshc».  When /is  conetant  it  rotates  with  greater  angular  velocity  than 
that  which  it  would  asHonie  if  the  matter  were  )^Clii;i-ed  near  thu  circnmfer- 
c.nec.  BcLwt:t;u  tiicfi  two  limit*  there  niu#t  be  a  tliiflnnt'e  from  the  c^'ntre 
aiii-h  that  if  the  whole  moss  were  <.-oncentratcd  there,  the  angular  Tclwity 
BcqiiireJ  undPT  the  influence  of  a  given  force  would  lie  the  name  lut  that 
aclunlly  nwiinied  by  the  disc.  Thia  diNlancti  in  the  radius  of  gyration  with 
leference  Co  that  point.      In  the  case  of  a  dine,  it*  «li»tAiic«  from  the  centre  is 

■702  I  =  — =  1  X  tlie  radius. 

siwpendcd  nt  one  end  rotates  with  tlie  same  angular  velocity  as  if  its  man 

were  nccumnUtcd  tit  a  di«tancn  =  -y-  from  the  point  of  vuApcnaion.     If 

the  lineal  body  were  poised  on  its  centre,  its  radius  cf  grratioD  would  be 

I 

A  pamllelogram  of  sides  a  and  &,  poised  at  its  centre,  would  hare  a 

v'o'  +  fc* 

-^ — , —  -  '     The  criterion  of  the  radius  of  (gyration  is, 


In  the  same  way  a  linear  hody  of  1«ngth  t 


radiua  of  gynttion 


that  if  the  whole  mass  M  were  placed  at  the  distance  k(k  =  rad,  of  gyr.)  from 
the  point  of  ciiBpeunion,  it  would  have  with  reference  to  it  the  naino  Moment 
of  inertia  ok  thnt  actually  poKseseed  by  the  phyiiicul  maw  ■»  question. 
Henci*  MA'  =  I  =  %AtP. 

Energy  of  a  rotating  body. — The  energy  of  a  paniele  in  rotational 

movement  is  —x —  ;  that  of  a  system  of  particles  each  at  its  own  diatance  r 


and  with  its  own  musa  m  must  be  3 


mr^ii 


=  -,-2..r-: 


the    angular 


vdocity,  being  the  aanie  in  all  particles  of  a  rotating  body.    But  2rar*  =  I,  tlie 

moment  of  inertia  :  tlierefore  the  energy  of  a  rotating  body  is  —  I,  or,  where 

k  is  lh«  radius  of  gj-ration,  =  —  Mi*. 

Suppose  a  heavy  body  to  be  suspended  at  a  j-)aint,and  thvn,  that  point  of 
auapenaion  rutuiuiug  its  fixed  position,  to  swing  down  so  far  that  its  centre  of 
figure  aoxika  ihrmigh  a  hci^jht  h,  at-quiring  an  angular  vtJocily  w.  The  kinetio 
energy  acquired  by  the  body  considered  as  rotating  round  the  point  of  suft- 

pension  is  t-  I ;  the  potential  energy  lo«t  by  descent  of  the  masj  m  tlirough 

height  h  is  mffh.    These  are  equal. 


Tl-I 
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—  I  =  mgh. 


tuS  = 


Sm-ih 


But  1  =  nifi  where  k  is  the  nulius  uf  g)-nLUon. 

A  flywheel  in  motion  possesses  a  lai^e  amount  of  kinetic 
enprjy  ;  and  if  an  obstacle  be  placed  in  tliK  way  of  the  engiiio,  tha 
engine  cannot  be  stopped  by  it  unleaa  the  flywheel  can  be  arrested 
also :  this  would  involve  the  sudden  exeroise  of  a  very  great  force  ; 
hence  an  engine  with  a  heavy  Hywheel  rapidly  rotating  can  over- 
come a  very  great  resistance,  and  in  this  way,  for  ordinary  reaist- 
ances,  it  is  prevented  from  manifesting  any  very  great  irregularity 
of  motion. 

If  a  flywheel  whitf<!  4;nergy  ia  —  HX*  were  colled  upon  to  expend  n 

tiuita  vi  eoergy  ia  oreixouinK  a  ocrUuu  resislaQcc,  t]ie  energy  ia  it  aiUst  dwig 
to  would  be  [      We'  -  a  J,  aud  a  ucw  aagular  velocity  w,  would  ho  auuiued, 

•Mb  thttt  ^  Mis  =  (-  MiS  -  n^ . 

2  \S  J 

If  a  flywHcal  Imve  a  heavy  ritn,  and  the  npokes  be  thin,  the  mdhiB  nr  Kyrattoa 
ia  practically  the  distance  between  the  centre  of  the  wheel  and  the  uiiddli;  oi 
the  thicknesH  of  the  rim. 

Centre  of  Oacillation. —  In  Fig.  79  let  A  he  the  point  of  anspension 
of  a  body,  13  ila  f«ntri:  of  figure  or  of  mass  (cculro  p, 

of  giavily),  k  the  length  of  the  radius  of  gyration 
nf  the  maas  with  refi!r«nce  to  the  point  of  sunpen- 
aion  A:  then  there  in  in  tJic  aiune  *trai};hl  liiib  with 
A  and  B,  and  on  the  uji^Mwite  niile  of  B  fmici  A,  a 
point  C  cjilled  the  Cfmtrt  of  OtciUaiKm^  which  haft 
the  fuUowing  propcrtiw  : — 

(1.)  I'he  body  may  be  Bwuug  upon  A  or  upon 
C  indifferently,  and  in  either  caae  it  will  oscillate 
pend  alum -wise  with  equal  rapidity. 

(2.)  The  Ixwly  thux  nuepen^icd  at  A  or  at  C  will    /  ,q 

ilUte  nt  the  Biune  mtc  as  an  ideal  simple  pcn- 
ulniQ  of  the  length  AC. 

(3.J  This  body  will,  if  atmck  at  C,  oMiIlate 
round  A  without  producing  any  prcfisure  on  the 
Bupportin;;  oxia  at  A. 

(4 )  Though  llii:  mipiHirt  (it  A  were  withilrawn — aa,  for  insunce,  if  the 
l>0"ly  lliuit  subMicrgrjd  in  waUr — yot  if  tlie  pt>int  C  vrnrv  atmck,  the  [Hjiiit  A 
wr)u]<l  rumitin  at  rest,  and  all  the  part  of  the  body  lying  abuv«  A  waiihl 
utovc  in  a  diiwrtign  opposite  to  that  in  which  C  is  stnitk.  For  ever}'  point 
C  at  which  a  hody  may  be  struck,  or  for  every  centra  of  percussion, 
there  la  a  correspondiug  point  A  oa  the  other  eide  of  the  centre  of  figun- 
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throUj<h  whkb  posses  an  axis  of  spotitaaeouB  rotation,  rouixl  which 
tbe  bo<Iy  rotates  If  the  lower  purt  of  any  object  be  suddenly  pulled  for- 
wards, the  upper  part  will  move  backnrarda.  This  property  is  found  applied 
in  tlie  jaw  of  rchitmidei ;  the  upper  end  of  eatih  of  the  five  jawa  is  suddenly 
tiltetl  Dittwanlii,  ami  (he  lower,  thu  tooth-l>earitig  vnils,  ore  tilC«:(l  together. 

(fi.)  Tbe  dittancc  AC  is  vqual  lo  -^-^^  when  the  body  ia  KUfpcnded  aX  A, 


AB 


ifcl 


k  being  the  mdiiis  of  ^Tatiou  in  this  case  r  ^  ^  tHt  ^^^°  sntpended  at  C, 


t  buing  ih*;  nidiue  of  gyratioa  in  this  case 


The  radii  of  gynilian  are  so 


rir-w. 


Force  causing  rotation  constant  in  direction. — If  a  body 
bu  cuiised  to  rutatc  I'y  a  force  who£u  dimc-tiuu  is  the  sami)  or 
nearly  bo  Ihroughout  tlie  movemBnt,  tbe  eflect  of  the  forcti  varies 
greatly.      In  Fig.  80  let  AC,  AD,  AK,  AF,  be  aiicceBsive  positions 

of  a  rod  rotating  round  A,  and  acted 
upon  by  a  force  applied  at  the  extremity 
remote  from  A,  and  always  parallel  to 
the  lines  Cr..  Dd,  F^e.  In  tlie  position 
AF  tlie  eflect  produced  by  the  force  is 
a  maximum,  (or  two  i^asons :  (1)  that 
the  component  effective  in  producing 
rotation  is  there  the  greatest;  and  (2) 
that  the  force  is  applied  wiLli  the  great- 
est "  leverage,"  or  so  as  to  have  the 
greatest  passible"  moment"  In  this  way  the  forearm  moves  with 
tlie  greateat  swiftness  at  the  middle  of  ilexion. 


8    =V<± 


Accelerated  Motion.  —  The  discussion  of  the  accelerated 
motion  of  a  particle  moving  with  constant  acceleration — i.e,, 
under  the  continuotia  influence  of  a  constant  force — has  already 
led  U3  to  the  formula* — 

where  V  represents  the  velocity  of  a  particle  at  the  beginning, 
and  V  that  at  tlie  end  of  time  t,  a  Che  space  tmversed,  and  a  ttio 
acceleration  (positive  or  negative,  as  the  case  may  be)  per  unit  of 
time.  The  most  familiar  examples  of  this  kind  of  movement  are 
those  in  which  bodies  exposed  to  the  constant  inBuence  of  gravity 
fall  with  constantly- increasing  speed. 


(i-) 
(u.) 

(iil) 


^ 


ACCELFHATED  MOTtOS. 


1.  A  tmin  tmrcUmf;  at  ha  miles  an  hour  comes  into  coUiBion  with  a  fixed 
obetacic  antl  is  abruptly  stopped ;  the  paa«cngen  receive  a  blow.  Wl»al  hfjj^ht 
itiiist  on*  full  ill  ortlcr  Ui  receive  a  Kinulor  blow! — Aiu.  60  miles  an  hdiir 
=  73'3  feet  iwr  sflcom!,  A  bmly  Tnlling  from  reel  (V  =  0)  acqatreft  a  >pee<l 
of  73'3  per  sec  in  falling  8351  feet,  [or 

11=  =  V*  ±  icu     (Hi.)  ; 
(73-3)=  =  0  +  t3x3S-2x«);    .-.<=  83-61. 
A  Mow  in  A  F:n1tinot)  at  fiO  niilea  an  hour  i»  equivalent  to  a  blow  reccired 
in  conseijm-niC<;  of  n  fnll  of  H3'51  feet;  for  a  bmlj  which  hu  fallen  S3'fil  fc«t 
i*  in  coiuH.'i|iieni-c  trivvolltng  at  &Ci  miles  an  hmir  At  the  inBtaui 

2.  A  ball  tri^ighinj;  6  oimcc«  in  liurli-d  iipwurds.  It  is  suppoMd  that 
while  it  ia  in  the  liami  it  in  awiiriR  thronub  4  ft-et :  ihe  thrower  during  this 
fwtng  conliiiuoiiely  exerts  an  acct^Jeniliiiv:  (in^tuiure  on  it.  Tlii«  pi«8«ure 
muHl  be  ci{tiivuloQt  lu  tli«  elfurt  'nitivli  v.<ju]<i  In:  put  furlh  iu  nuKint;  iK>uie 
ilufiiiit«  weight  iu  the  Buiiie  putitiyii  of  the  budy.  Whul  is  thin  weight  if  the 
ball  Hem  100  feet  ? 

The  biill  leaveH  the  hiuul  witli  an  unknown  velocity  V  ;  it  rinca  thmngb 
n  npnCR  <^  100  feet  againrt  a  foi-ce  (j^vity),  the  negntive  a^TCfilcrntion  (a) 
prwiiii'ed  by  which  ia  Si'i  feet  per  second  ;  it  c«ine»  for  an  inHlant  to  re«t 
(ff  =  0)  at  the  top  of  it«  course, 

r^  =  V*±2aj.     (iii.) 
0  =  V»-(ix32  a  X  100). 
V^=U!4(t.     V  =  80-25. 

The  qneation  ihns  becnmes — Under  the  inflnenee  of  a  force  /  aciing 
UiroDgh  4  feet,  a  velocity  80-S5  feet  per  second  in  imported  to  a  nuLw 
ffl  =  -^  IU     Find  /;  ctr,  since  /  =  ma  and  m  =  -^,  find  a. 

t^  =  V=+ 2ttj  (iii.);  V  =  0;  o  ia  positive. 

64-i0  =  2ax4  =  fla.     a=&05  feet. 
/=ma=  2S6y*y  British  unit*  of  force. 

Bnt  vt  of  1-lb.  DiUB  =  3S-2  Brit,  units  of  forre. 
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The  eEfurt  then  i»  tlic  jmois  oh  that  put  furtb  in  raiMiiK  a  wet^hl  of  7 
13  fw. 

3.  A  nhot  i«  fired  vertically  from  a  gun  uhnse  barrel  it  30  incliex  long  : 
it  riBeH  half  a  mile.  Compare  the  acceleration  of  a  body  fulling  under  the 
influence  of  gr.ivi(y  viith  that  under  which  the  bullet  acquires  inch  velod^ 
in  the  ([wee  uf  30  inches. 

¥mi  bad  the  velocity  of  the  shut  lie  it  leavt^^s  the  gua,      In  it«  coune  in 
the  ttir  (IrictiuH  being  meanwliile  entirely  neglected)  it  cuiuuiinceti  with  the 
uukuowu  vehicity  V,  iJiiverwa  njiace  i  =  2640  feet  aguinet  gravity  which  pi'o- 
^_       ducee  accelemlinn  a—  ~  32'S,  and  ronu-Ji  tc  re.4t  (i^  =  0)  for  nn  inHlant. 

H  «='=:=  V'-'±2<u.      (iii.) 

^^  0  -  V^  -  (2  X  32-2  X  2640).     T=  k'TjooTG"  412'3. 

^H     In  the  gun-barrel  a  velocity  r,  412*3  feet  per  second,  is  nctjnitul  within  • 
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Hero  i>=412-3;  V  =  0;  «  =  2-5 


(VKAr. 

a  U  unlEiiovrDL,.lnit 


f.S^  r«t 

I700I8  =6a.     0^34003*3  feul  pr  second. 

If  tlM  iMncl  ven*  lon^;  enough  to  KXpoM;  tltu  prujuctila  to  the  influcmce  of 
Mcli  an  ii^tfclcmting  forcG  Tor  it  wliule  ei-coiiil,  tliu  velocity  w*ould  be  acquired, 
tad  thv  t)«rT«1  wniihl  be  1 700  re  fuut  long. 

Bat  gravity  producen  an  auxleralinn  of  38*8  feet  jir-r  necnnd.     HetiM 
Ibi  tocelention  due  to  the  gunpowder  is  greater  than  ttuit  of  f^vitjr  in  the 


ntloof 


340t>S'8 
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or  I05'6  :  I.     Tlie  force  exerted  by  the  powder  =  ma  = 


34003'3m,  And  in  the  case  of  aa  ounce-bullet  would  be  etjuid  to  9185*8 
llritinh  unilfl  of  force, 

4.  With  what  "force"  wilt  n  tO-tb.  moM  falling  100  fwt  aln'kc  at  the 
end  of  its  coiiriH'  J  As  it  standN,  thia  quesUon  ib  di^void  of  uesu^,  fur  it  doe* 
not  siweifj  11j«  l"'"*^  during  which  thia  force  acta  on  impact.  If  the  body 
■truck  were  ritiid,  and  the  faHin^;  moss  perfectly  cliutic,  it  would  rise  od 
nboundiiig  to  »n  eijual  hdt^ht  of  100  feet  During  tTie  rebound  it  moat 
turn  eomv  to  rest  I-et  us  arbitrarilv  asBume  it  to  have  taken  jo'co  "^"^  *** 
some  to  rc*t,  and  an  equal  period — nnnr  ^°'^ — ^  H'"^  ^^  upward  ioitial 
Telodtjr :  Um  upwanl  initial  velo(;i[y  ijt  80-25  feet  per  second,  for 

tr'  =  \^  -  2(1*. 
0  -=  V*  -  0440. 

V=80-2B. 

The  queation  thus  hecomiM — Wlmt  i«  the  mean  pr«Biire  between  thu  body 
which  haa  fallen  and  that  on  which  it  falls,  if  a  xpced  of  SO-Sfi  feet  per 
■teond  can  bo  arniited  or  developed  by  it  in  jcmi^  wc.  1  The  answer  ia — 
Siac««-ai:  v  =  S0-S5:  l-^Vo  =  °>=  130,300;  and/e  ma  »1,605,00n 
BHtiah  aniu  of  force  =•  thu  wt.  of  '■"^^'^"^  ^  4984-47  lbs. 

5.  A  ball  weiKhinK  10  lbs.  falls  Irom  a  height  of  100  feet  on  a  rigid 
floor.  It  is  Uatteaed  to  the  extent  of  j'g  inch,  meai^urud  in  the  direction  of 
its  motion  :  it  recovers  its  fomi  and  rebuunilit.  What  ii>  the  liioi-  taken  to 
bring  the  ball  Ut  rext,  and  wbnt  ia  the  mean  jirL'tMure  biitwcen  the  ball  and 
Lbe  floor  on  which  it  fi\\h  i  Here  a  velocity  of  80'S49fi4  ft.  jter  mc.  is 
arrested  in  the  spact  of  j'j  inch  :  wlmt  is  the  retarding  uccelemtiim  a  )  what 
it  ^e  coTPcajiondinK  prcaaure/.'  what  ia  the  time  (  ? 

vi  =  V'-2<M.      (iil) 

0  =  (80-24954)*  -  (So  x  ^  inch.) 

=  G440-(2aX5;ijfu«l.) 
^^6440  yOm^  1,159,200  feet  per  aecoDd. 

8 

/=igta<^  1,159,800  X  10=11,592.000  Britiah  uniu  of  force 

-  the  weight  of    -  '- —  =  360,000  H*  =  mean  prcaaupa 

38*8 


80-24&S4  =  1,159,  S00(.      ( = 


I 


14,444 
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The  Principle  of  Moments. —  In  Fig.  81  a  linear  body  is 
poised  at  Ihu  point  ¥;  at  A  there  acts  a  force  equal  to  1 0  units, 


1 


at  B  a  force  equal  to  I  unit.  The  former,  ncting  alone,  would 
turn  the  bar  round  ¥  through,  an  angle  $,  and  tlie  work  done  at 
A  hy  the  force  F  (  =  Fs)  =  1 0  units  x  Aa  =  M)  AF  sin  0.  The 
latter  force  applied  at  B  wonld  turn  the  bar  round  V  tlirough  an 
angle,  say  ^,  and  would  in  prorlucing  rotation  do  work  =  1  x  FB 
sin  <p.  The  work  done  by  the  force  applied  at  A  during  any 
suiall  displacement  is  in  the  opposite  sense  to  that  done  by  that 
applied  at  B.  Tojjetlier  they  may  balance  one  anoUier.  and  pro- 
duce equilibriunj.  If  the  bar  he  rigid,  (^  —  A  If  the  one  force 
raise  as  much  aa  the  other  depresses  every  point  of  the  bar,  there 
is  equilibrium.  As  regards  rotation  round  F,  the  forces  ore  of 
opposite  sign;  they  ore  accordingly  +10,  tending  to  produce 
positive  rotation  in  the  direction  oppose*!  to  tliat  of  the  hands  of 
a  watch,  and —  1,  tending  to  produce  an  opposite  rotation.  Hence, 
if  there  be  etjuilihriiim,  the  work  done  by  force  =;;  +  10  acting  at 
A,  and  that  done  by  force  1  acting  at  B  are  together  =  0. 

(lOxAFsin  6)  +  (lxBF8in  ^  =  0.     (1.) 
(10xAr)  +  (lxBF)  =  0; 

or,  genfirnlly,  if  the  forces  be  P  and  Q, — 

(I'x  AF)  +  (gxlJl')=0; 
or  P:Q  ::  BF : vU-'. 
The  forces  which  balance  oue  another  are  inversely  proportional 
to  their  distances  from  the  fixed  point  F. 

Tluia  a  smaller  force  acting  at  a  greater  distance  can  balance 
a  greater  force  acting  at  a  less  distance.  The  Importance  of  the 
greater  force  with  reference  to  the  point  F  ia  exactly  the  same  aa 
that  of  the  smaller  force  which  has  the  advantage  of  greater  dis- 
tance, or  greater  "  leverage  "  or  "  purchase." 

This  Importance  of  a  force  not  passing  through,  a  point  is 
called  the  Moment  of  tliat  force  round  that  point.  It  is  equal 
to  the  amount  of  the  force  x  the  distance  from  the  point  to  th« 
line  of  trpplicatioii.  of  the  force.     The  shortest  distance  from  a 
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point  to  a  line  is  well  knovrn  to  be  a  line  drawn  from  the  point 
to  the  line  iu  quesUoii,  at  riglit  angles  to  the  latter.  In  Fig.  81 
the  momenta  of  the  forces  rouml  the  point  F  are  nis])ectively 
10  X  AF  and—  1  x  I5F.     In  Fig.  82  the  forces  acting  at  A  ajid 

at  li  are  not  parallel ;  their  lines  of 
application  arc  AE  aud  IJK ;  tlie  dia- 
tancea  of  these  linos  From  F  are  FC 
and  FD  at  right  angles  to  AE  and 
BK :  the  momenta  of  the  respective 
forces  Toiiml  F  ore  Force  A  x  dis- 
tance CF,  and   Force  B  x  distance 

A — n^ ff\  FD  ;  and  if  the  forces  are  to  produce 

equal  axui  contrary  rotational  oflecta 
round  F,  so  that  there  may  bo  reist  and  staticuJ  equLlibriuni,  tlieir 
moments  mnat  ho  equal  and  of  oppo.sitQ  sign,  m  that  their  sum 
=  0.     This  is  the  Friii^ipk  of  Momnits. 

If  in  Fig.  81  the  forces  at  A  and  B  acted  at  the  ends  of 
au  immovable  rod,  there  would  he  a  reaction  =  11  units  spread 
over  the  whole  extent  of  the  rod,  but  more  intense  near  tJio  point 
A:  if  tho  rod  were  hold  fast  only  at  one  fixed  point  F,  all  the 
reaction  (=11  units)  is  concentrated  at  that  point,  if  it  be  such 
a  point  that  there  is  no  tendency  to  rotation  round  it — ix,,  if  the 
moments  round  the  point  of  resi8Uince=  0  ;  if  these  be  not=  0» 
the  pressure  on  it  is  still  11  lbs.,  but  the  energy  is  partly  spent 
in  producing  rotation  rouud  that  point.  If  the  reuutiou  pafit; 
through  the  pomt  round  which  the  moments  ==  0,  there  is  neitlier 
translation  nor  rotation,  and  hence  the  three  forces  are  in  equt- 
Ubriiini:  these  are,  10  units  at  A,  1  unit  at  B,  parallel  to  the 
former,  and  11  units  at  F,  parallel  but  in  the  opposite  lUrection. 
Thua  Fig.  83  ia  established  as  indicating  the  conditions  of 
B  equilibrium  of  two  parallel  forces,  P  and 
Q;  a  third,  B,  equal  to  their  sum,  must 
act  in  the  opposite  direction  at  F,  a  point 
round  which  their  moments  vanish  or  are 
together  equal  to  zero.  If  the  two  con- 
ditions (1)  that  P  +  Q  =  —  B,  and  (2) 
that  the  moment*  round  F  be  equal,  be 
satisfied,  there  will  be  statical  equilibrium: 
if  the  former  be  not  satisfied  there  will  be  translalion ;  if  the 
latter  there  will  be  rotation ;  if  both  be  violated  there  will  bo 
both  translation  and  rotation. 

Couples.— Now  let  the  point  of  application  of  the  force  Q 
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be  shifted  to  the  right :  the  force  P  must  increase  in  order  that 
its  moment  may  remain  equal  to  that  of  Q.  If  Q  be  transferred 
to  an  inileBnite  distance,  the  force  P  would  have  to  become 
indefinitely  great  in  order  to  balance  it.  If  the  force  Q  were 
absent.  P  and  Q  could  not  balance  one  another,  but  would  turn 
the  body  round  a  point  G  between  A  and  K.  detonnined  accord- 
ing to  tlie  relative  importance  or  moment  of  P  and  li  wiLli  rosiiect 
to  it  by  the  principle  of  moments,  so  that  P  x  PO  =  R  x  GF. 
Two  forces  which  are  in  this  way  not  directly  oppo.sed  to  one 
another,  hut  give  rise  to  a  rotation,  are  called  a  Oonple.  A 
couple  may  be  balanced  by  a  single  force :  P  and  R  arc  balanced 
by  Q.  In  this  cose  P  and  Q  have  opposite  momenta  round  F ; 
R  has  no  moment  round  F,  its  own  point  of  action.  There  is 
equilibrium  here  between  P,  Q.  and  R;  tUeir  momenta  round  K 
are  together  =  0.  So  are  their  moments  round  any  other  point. 
as  may  be  easily  proved.  In  generJ,  whatever  point  is  con- 
sidered, if  there  is  to  be  no  rotation  round  that  point,  the  sum 
of  all  the  moments  of  all  the  forces  acting  round  that  point 
must  bo  equal  to  0. 

The  moment  of  a  couple  is  the  numerical  sum  of  the  momenta 
of  its  two  cninponcnts  round  the  point  G ;  the  two  cortipotients 
concur  in  producing  rotation  round  thiit  point.* 

Ebcamples  of  Couples.  —  Examples  abound  in  the  muscular  and 
osaeoui  syatcm.  Sucli  are  —  Hie  vlbou*  joint,  whmv  lliii  tracupH  pulls  tlic 
olecranon  pnicctu  biu-.kwjirdi^  [inil  the  rcnction  of  tliu  ui-tlcular  eixrlacc  uf  the 
hiimenia  ajiainet  the  Bif^mnid  canty  of  tin:  ulna  conititutcs  ihf  other  nicmhpr 
of  the  cflupla  ;  the  jaw  in  lateral  clicwing,  where  the  external  pteryj^oid 
mtwcle  may  pnll  onn  nifle  nf  llie  jaw  fnni-aril,  while  the  reBult  nf  the  Artk>n 
of  the  himi'ir  lilires  of  the  opposite  temporal  miiaole,  together  with  the  rorre- 
Bpouiijinj^  niiiacles  )k-1ow  the  jaw,  ifi  to  pull  the  opposite  side  of  the  jaw  bock-, 
wards ;  the  weight  of  the  head  whfn  ft  ffer*on  bIaihU  in  a  very  erect  pofiition 
is  equivalent  to  a  force  acting  along  a  line  jjafwing  through  a  point  a  little 
behind  the  occipital  coiulyles,  and  this,  together  with  the  reticlion  betwwn 
llu  atlo*  oud  tbu  occipital  coadyleo,  fornii  a  couple  which  if  cquitibratod  by 
l^  tnuecluB  of  tbe  front  of  thi!  itt'ok  ;  tlm  same  weight  uf  Lliu  hi-mL  whun  it 
bends  rorwarl  a  littlt^  \>aBBSB  along  a  linv  a  little  in  fruiit  of  the  condyles, 
and  it  forms  with  Uie  reaction  of  the  alias  a  couplts,  which  ia  halniK-cd  by  the 
WDtraction  of  the  muiiclefl  of  the  Ifack  of  the  nei^k  :  wli^n  thetM^  conlmctians 
alftflken,  aa  when  a  piireon  ie  falling  asleep,  the  head  ifl  rotated  liv  the  couple 
on  a  tranwcTse  axis,  and  it  drops  forward  or  hackward  acconling  lo  the 
poaidon  in  which  it  happenE  to  be  at  the  time  when  muscular  contnurtion 
ceaMd  to  balance  it*  weight.  The  action  of  the  two  hands  on  the  liandleH  of 
a  eopying-presN  ui  that  of  a  couple  :  one  puUs,  Die  other  pu-shL'si. 


*  NamBrous  exaiDplu  may  ho  found  diacuaad  in  Hsnnann  tieyer :  Dia  SUUiJt 
V.  JfceAaavt  d*s  iiwuihi.  iCiurefungtr&sta ;  Lei|idj^  Bngolmuin. 
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The  Mechanical  Powers. — Tlie  principle  of  momeuts  or — 
what  is  essentially  the  sauie  thing — the  principle  that  the  work 
tlone  by  or  on  a  machine  =  0,  or  that,  on  the  whole,  there  is  no 
nccuniulation  of  work  In  a  machine,  is  the  key  to  the  explanation 
of  the  action  of  many  of  the  Simple  Machines  or  so-called 
Mechanical  Powers.  Tlic  work  done  by  a  simple  machine  is 
equal  to  that  done  upon  it,  and  upon  the  machine  itself  there  is 
no  work  done.  This  is,  of  course,  not  strictly  accurate ;  but 
simple  uiachiues  are  supposed,  in  the  firet  instance  and  for  the 
sake  of  theojy,  to  be  themselves  without  weight,  and  to  work 
without  frictiou. 

The  Lever. — This  is  a  bar  of  any  substance,  rigid  enough  to 
retain  its  form  under  tlie  pressures  applied  to  it.     If  the  pressure 
P  be  applied  at  A,  the  fixed  point  or  ful- 
crum be  at  F,  and  aiiulher  prtissure  Q  at 
^'••"-  B,  then  round  F  the  momenta  (Px  AF)  + 

jiq  (Q  X  BF)  =  0.  If  AF  be  shorter  than  BF, 
I  the  downward  pressure,  P  at  A,  which  can 
°  he  balanced  by  nuotlier  downward  prGssurc. 
Q  at  the  point  6,  is  greater  than  Q,  and 
there  is  a  mechanical  advantage  in  employ- 
ing a  smaller  pressure  Q  to  balance  a  greater 
pressure  P.  As  an  example  of  this  take  a 
crowbar :  the  man's  strength  is  exerted  at  IJ ;  the  fiaed  point  is 
at  F,  and  the  weight  of  the  body  to  be  lifted  acts  downwards  at 
A.'  Suppose  the  lever  lo  be  42  inches  long,  tlie  point  F  to  be 
2  inches  from  A,  and  the  man's  strength,  which  is  compctDnt 
to  raise  56  lbs.,  to  be  exerted  at  B:  then 

(AF  X  P)  -I-  (BF  X  Q)  =  0. 

2V=z  —40x5(1. 
P=  -1120  lbs.  =  10  cwL 

That  is  to  say,  the  resultant  pressure  at  P,  due  to  the  pressure  Q 
at  B,  is  numerically  equivalent  to  10  cwts.,  and  acts  in  the  direc- 
tion opposed  to  the  weight  of  the  mass  to  I*  lifted.  A  pressure 
at  B  of  56  lbs.  will  sustain  the  1 0  cwt3.  at  A;  one  a  little  greater 
will  lift  it 

On  the  other  hand,  a  pressure  of  1120  lbs.  at  P  can  only 
balance  a  weight  of  56  lbs.  at  Q :  here  there  is  great  mechanical 
disadvantage. 

An  exnmple  of  thia  occurs  in  the  cam  of  forceps,  with  bludc^  r«tatirdy 
long :  the  prcMure  which  they  can.  cicrt  at  tli«  tip  is  Klativdy  aouUl,  tm 
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H?iic]i  blade  of  the  forceps  ie  a  lever  eupported  at  ttn;  liiiigv.  Exlrouely  long 
cciMon  do  uot  cut  bd  well  at  the  pciut  as  ueur  the  joiuU 

But  wliat  is  gained  or  lost  in  pressure  is  lost  or  gained  in 
range  of  movemeut;  for  the  work  done  (:=  Fji)  by  the  one  arm  is 
jilways  the  same  as  that  done  upon  the  other. 

Whatever  the  special  ftrrangeinent  of  the  two  forces  and  the 
reaction,  the  principle  is  always  the  same,  that  the  lever  is  studied 
at  the  instant  of  eqiiilibrium,  when  round  every  point  the  sum  of 
the  moments  —  0 ;  theu  an  excess  either  of  the  pressure  or  of 
the  resistauce,  beyond  their  proportions  at  Ibat  instautj  will  cause 
rotation  ri>Liud  the  fulcrum. 

Tb«re  ii  a  populnr  dmsion  of  leven  into  three  clamies,  wliicL  jt  is  wuU 
to  explain  ;  Fix.  ^^  tlluBtniles' them  all. 

U(att  I, — The  Kxed  ptiiiit  is  at  F  in  Fit;.  S-I.  A  crowbar,  a  hajulepike,  a 
pair  uf  foi-ceiMi,  Kis«ti>r«,  <>v  ebtiiim,  ti  pukvr,  a  cuuiiuon  Valance, — nil  tlieee 
have  the  fuluniin  op  fixed  point  bctweuu  tht;  y^i'uii  of  Hppliration  of  llic  force 
and  thai  of  tliu  rvBiatuiici;. 

Ciatt  U. — If  the  fulcrum  bm  at  A  in  Fig.  84,  and  tlie  forco  he  applied  at 
B,  the  resistance  ovTrcimi*;  at  F  is  nunn-riuillr  grcutt-r  than  the  pivBaure 
exerted  at  B,  as  is  found  by  twkiiig  nuiim'tits  miind  A.  AF  x  U  =  (AB  x  y). 
Exampl««  of  this  arc  fumiKbcd  by  nitC-crackcnt,  where  the  resisting  nut  in 
nearer  the  hinge  than  the  hand  is ;  by  the  oar  of  a  boat,  in  which  tJie  furcv  is 
applied  at  the  handle  while  the  tip  of  the  oax  la  apprt^xiinatcly  at  reet,  and 
the  reuKtutice  uf  the  boat  in  ovi^iieoine  livtween  thL«e;  by  a  claw  hammer  used 
fgr  extmctin^  nail*,  whcni  thi-  riiltTuiii  w  Bt  the  end  of  the  claw,  the  force  i» 
applied  tliron^h  the  handle,  and  tht  rcsistini,'  head  of  the  nnil  i»  between 
Cb«e  points  ;  hy  a  wheclbarmw,  iu  which  the  fulcj-uu)  is  at  the  uxle  of  the 
wheel,  the  ruiainj;  force  is  applied  at  llie  handle,  lunl  the  reristonci!  to  he 
Dverconie  U  the  weight  of  the  tiubatance  in  the  burrow  butwuen  the  handle 
and  the  wheel. 

Ctaa  III. — This  i»  Iho  tunic!  uti  the  steoad  claan,  except  that  the  Force 
iind  the  Rc«ifiLancu  ImvL'  changwl  plnc«s.  As  example  nf  thift  we  And  that 
in  a  pair  of  tunt;»  for  flU|,'ar  or  for  eoal,  in  which  the  fixed  point  is  at  the 
hinge  or  the  flexible  end,  The  rtuUtanci-.  in  etirJiniiU-rctl  nenr  the  end,  and  the 
force  i*  cui'-ininUTCxi  Ix-tween  thfiic  jKiint*.  TIil'  pressure  that  can  be  applieil 
by  such  an  »rraii]{rMii.'jit  i»  eoin  para  lively  feeltli-,  while  to  pi-oduce  any  given 
prenure  the  force  applied  must  he  proportionately  very  (^n-at.  This  is  seeu 
in  opening  a  Kate  by  prewins  on  it  near  the  hinges  ;  a  cuiisidt-niblo  force 
haa  to  be  exerted.     The  whole  mass  of  the  gate  may  be  coucvived  as  concen- 

tnited  at  a  di«Unce  -  — -  of  jti,  length  from  the  hinge.     The  force  applied, 

multiplied  hy  tt«  fthort  dintancc  from  the  hin^E,  must  give  a  prmiuet  ei:[ual 
to  that  of  the  Dcoeseory  pressure  into  the  greater  diatancc  Sucti  an  lurangp. 
meat,  in  which  force  is  sacrificed  in  order  to  gain  amplitiidi'  of  inuvMnenl, 
is  of  ontinary  occurrence  in  the  uiuHL-ular  jtyatt^m.  T]i«  bici-ps  vt  inserted 
i[jtci  the  raditia  at  a  jMJiit  about  oue-Hixtli  iif  llii.-  dixtaiicu  between  the  axis 
of  rt^tutioii  of  tlie  t^lbow  jiiint  and  the  o-ntre  uf  tlie  pulin  of  the  band.  In. 
order  to  ralw  «  pound-nuux  in  Uii;  hand,  that  muscle,  if  it  act&d  alone,  would 
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havB  to  exert  a  furco  wliicli  would  directly  Hrt  6  lb*,  ;  but,  on  the  otlier 
hani,  the  rurcarm  haa  a.  rao;^  and  ]iipidiL<r  uf  mavuiiLont  wtiich  it  wnuld  not 
tmve  hiul  hiul  the  tniiach's  b(;L>n  iust:rtod  in  the  position  uf  t^riuiteeL  Dier.bimicA} 
luivuitatfe,  not  tn  nu^ntion  tlio  inGonvoiiietiOB  uf  liaving  miiKclcA  estcndini; 
from  prominciice  to  pri'inincnc^  of  the  akcIcLon  likp  thi;  n'^rij;  of  a  ship. 
Tlie  peetoral  iiui«o1c  of  a  bird,  the  riMtoid  miiBcle  of  umn,  hiti  glutei  miudw, 
setaate  conspicuous  «iamijlf-fl  of  owomi.t  levers  of  th**  thinl  order. 

Probloma, — 1.  Two  pi>rt<-r9  hrnr  &  burd.n,  5B  lb*  in  weight,  by 
iiicjLtiN  uf  Ik  Wr  (jf  such  ]L'n(;tb  thiit  the  disfavnctt  bctwuen  ithoulder  and 
fihouliji-r  in  7"  incbttn.  'Ilie  wciglit  is  fluspi:ndi?d  from  a  [luint  40  incboB 
frum  the  i-bouldtT  tvi  ono  of  the  jmrtcrs.  What  is  the  |inrwunj  on  the 
■boulder  of  wacb  R'spectivcly  1 — An*.  This  is  a  c-we  of  FJj!.  S4,  in  which  the 
weight  of  the  burden  comwponilH  to  R,  and  the  upwitnl  shouliler-reacLioni  to 
P  aad  Q.  There  u  no  tendency  to  rotation  round  F,  wbii:h  is  reUlivcly 
nsud  ;  hence  the  reactions  at  A  and  B  niunt  Ixr  such  Limt  their  momenta  round 
F  arc  equal.  Ht-nce  the  two  eijuationB,  P  +  Q  =  A6  and  40  P-30  Q,  give 
l'  =  2-l,  <i  =  32.  The  portisr  nearer  to  the  burden  carrtea  38  Iba,  the  one 
further  from  it  carries  24  Ibn. 

2,  A  nut-cmi:^ker  G  inches  lonf*  Iioa  a  nut  in  it  on  inch  from  the  binge. 
The  tiiuii!  l-jhtIh  a  prewure  of  4  lbs.  :  what  is  the  strcM  on  the  lilnge  l— 
Ann.  Th<-  mil,  ivi  luii^  a»  it  docs  not  yield,  affords  a  fixed  point :  theatren 
on  tho  bingp  —  ihra  wfiijht  of  24  lbs. 

The  Wheel  and  Axle. — Tlie  lever,  wlieu  it  has  done  work 
aud  raised  a  Imrtlen  against  resistance,  movea  iuU>  a  position 
where  tlio  Icveraj^e  and  the  effective  componeut  are  both  dimin- 
ished, as  seen  iu  I'ij:;.  SO.  if  the.  force  retain,  or  Tiearly  retain,  its 
original  ilirectiwn.  If  by  any  means  matter  eoiihl  be  so  arranged 
that  a  lever  would,  when  it  had  moved  out  of  its  position  of 
greatest  advantage,  lie  rephiced  in  the  moat  favourable  jwsition  hj 
another  lever,  to  which  the  biinlen  and  the  force  applied  will  be 
shifted,  the  apparatus  thus  coiiHtructed  would  in  some  respecU 
be  more  useful  than  a  simple  lover. 

Thin  ct-iterinn  is  satisfied  as  regards  levers  of  the  fimt  ordeB< 
by  the  Wheel  aud  Axle.  This  consists  of  a  large  wheel  or  cylinder 
and  a  small  one,  both  on  the  same  axis,  and  capable  of  rotating 
together  on  that  axis. 

Each  wheel  may,  if  solid,  be  regarded  as  coDdsUng  of  an 
infinite  nijn]her  of  spokes.  One  of  these  s]>akea  in  the  l&zger 
wheel,  and  one  running  in  tho  opposito  direction  from  the  centre 
in  the  smaller  wheel,  together  make  up,  when  they  are  for  an 
instant  at  right  angles  to  tlie  lines  of  application  of  the  force  and 
the  resistance,  a  lever  in  the  nioet  favourable  position.  As  soon 
fls  this  ha.'*  loft  tho  position  of  greatest  advontage  by  reason  of 
rotation  of  the  system,  it5  place  is  at  once  taken  by  another. 

A  larger  weight  hung  on  the  smaller  wheel  and  a  smaller 
weight  hung  on  the  larger  one  will  balance  one  another,  if  their 


n.] 


Tin  WffllKI.  AKD  AXLE. 


tss 


p 
n 


moments  round  the  axis  of  rotation  be  equal.  The  weights  may 
I'C  replaced  by  a  force  applied  at  tho  circumference  of  the  larger 
wheel,  and  a  lai^cr  resistance  bnlancin<^  this  at  the  uiar>^in  of  the 
smaller  wlieel.  This  is  the  priiiciple  of  the  capstan  and  the 
winch — lh«  fiiniier  used  on  ships  fin-  niiaiiig  the  aiu-hnr,  l;lie  hittor 
in  use  for  drawing  buckets  up  wells.  ]n  the  former  the  spokes 
of  the  larger  wheel  are  few,  while  the  smaller  takes  the  form  of 
a  cylinder  or  dnim ;  in  the  latter  the  smaller  takes  the  same 
cylindrical  form,  while  tlie  larger  consiata  virtually  of  only  one 
spoke,  tho  handle,  which  is  turned  throu|:;h  all  successive  positions 
in  ft  circle. 

The  wheel  and  axle  is  a  statical  instrument  as  long  as  ita 
moments  round  the  axis  =  0  ;  but  when  one  of  the  moments  is 
greater  than  the  other,  there  is  rotation. 

Wheelwork. — If  a  foree  be  applied  to  thn  first  wheel  of  a 
chain  of  wheclwork,  so  that  it  acipiires  an  angular  velocity,  a, 
and  if  the  la.st  wheel  of  the  chain  have,  in  consequence  of  this, 
an  auguhir  velocity  w„  the  force  which  the  last  wheel  aiu  exert 
is,  as  compared  with  that  which  the  first  wheel  alone  might  exert 
when  running  with  angular  velocity  u,  as  «  :  eoj.  The  principle 
holds  good,  whatever  the  nature  or  complication  of  the  mechanism 
which  intervenes  between  the  first  and  tlie  last  wheel.  In  a  crane 
or  in  a  lathe  arranged  for  metal-culting,  we  see  thewheelwork  so 
devised  that  the  lost  axis  moves  very  slowly,  and  with  a  corre- 
sponding power  of  overcoming  resistance. 

The  Inclined  Plane. — Tht-  mechanical  ajvantage  of  this 
machine  depends  on  the  jirinciple  of  the  reaolution  of  a  force  into 
its  components. 

When  a  Iwily  is  piisheil  up  an  inclined  plane  by  a  force  just 
sufficient,  and  no  more,  to  prevent  it  from  moving  down  the  plane 
in  obedience  to  gravity,  there  is  equilibrium  between  three  forces — 
viz.,  this  Force,  acting  along  the  slope  of  the  incline,  the  Weight  of 
the  body  acting  vertically,  and  the  Reaction  hotwcen  the  body 
and  the  surface  of  the  plane,  acting  at  right  angles  to  the  latter. 
These  three  forces  can  lie  represented  by  the  sides  of  a  right- 
angled  triangle,  in  which  the 

Hypotenuse     :     Height  :  Base 

as  Weight  nf  body  :  Force  pushing  up  plane  :  Reoction. 

If  the  push  be  applied  horizontally,  the  three  stresses  in 
equilibrium — which  are  the  weight  of  the  body  downwards,  the 
reaction  at  right  angles  to  the  sui-faco  of  the  plane,  the  push  up 
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the  piano  applied  horizontally — will  tmve  the  relation  of  the  sidus 
of  a  rijjht-au^'Ied  triangle,  i»  which 

Ilypoteriuse     :     Height  :  Base 

as  Reaction        :        Horizontal  Force    ;     Weight  of  body. 

Volooity  of  fell  down   a   fHotlonless   Inclined   plane. — If  a 

bcwly  fall  down  an  inclincMl  plane,  the  poU-ntifil  tneif^y  Iitst  hy  it  in  virtu* 
uf  ita  vertical  tli^nccnl  ^  is  mgh ;  tlicns  is  iioQe  gained  or  IohI  in  rirtite 
of    horixHUlal    motion,    in    which    thcra    is    no  wurk   douia   by   or   agaiuiit 

gruvity-     The  kinetic  eiieri^y  accj^uiretl  ia  —  .     Thew  nnist  be  equiil ;  hflQco 

s 

0=  \^^h,  th«  samn  speed  fi3  woiiUl  hdve  been  iic^inrod  by  a  v«rlical  fall, 
In  the  latter  etisv,  hnwcvcr,  the  dinrctirin  of  motion  woiihj  hitvc  bovn  directly 
downwards  ;  in  the  former  it  i*  in  the  dlTcction  of  tltc  plane  Thi^  resction 
of  the  plun^  has  not  niodilied  the  «pe«d  of  the  fall  ;  it  hae  modified  H»  direc- 
tiuu.  The  speed  at  which  the  body  ia  moTing  down  the  plane  afWr  vlfei'ting 
a  vertiutl  desn^ent  h  is  thus  the  mme  vtlvciiy  as  that  which  it  would  have 
Kcquimd  if  it  Iiitd  fnlleu  vvrtically  through  tlmt  hvi|^lit  A.  But  it  hn><  Lrsvcllctl 
through  a  yrcuU-r  siiacc  in  oriler  to  uttaiu  ihia  Hpt-uil.  T]i«  iwcclirnUioii  duwn 
tJie  plane  is  tUuiffuru  Hualliir  ;  and  »  ijody  rolUnj;  duwu  a  Etnuoth  elope  of  1 
in  :!G  woiihi  Lake  a  ffrrater  lime  to  reach  the  bottom  than  it  would  take  to 
fall  vertically  through  an  nquivalent  height,  in  ih'i  ratiii  of  SO  :  1. 

If  the  lifiily  rtilleii  down  a  Hni:o,«*<ion  uf  inclined  plane*,  or  (li.>wn  a  curve, 
the  eamo  velocity  wmild  be  oojuired :  the  rtuictiim  of  the  curve  alters  th< 
direction  but  not  the  spuod. 


Flf4S. 


The  Screw. — In  Fig.  85,  across  the  rectangular  parallelogram 
Aaa'Ji  are  drawn  eqiiidistaat  lines  Aa',  bl/, 
cc,  (id',  etc.,  at  right  angles  to  Art  and  Bo'. 
Tlie  lines  ai/,  htf,  cd',  etc.,  are  drawn  as  there 
shown.  If  the  suTfaee  Awfi'B  he  wrapped 
rouud  a  cylinder  whose  circnnifereuce  is 
equal  to  AB,  the  line  Aa  will  coincide  with 
V>(i',  and  the  lines  ah',  b/.  ctl',  etc,  will  form 
a  coutiiiuou3  spiral  Hue  ahai  round  the 
cylinder,  and  will  trace  out  the  form  of  the 
thread  of  a  screw  whose  piick  is  ab,  the 
distance  hetweeu  the  ctpii distant  lines  aV, 
6c',  etc.  Hence  the  thread  of  a  screw  is 
seen  to  correspond  to  a  narrow  mclined 
1*'  plane  wrapped  round  a  cylinder. 
''  A  Bcrcw  is  usually  used  as  a  niechaui- 
*  cal  power  for  the  sake  of  moving  a  body 
*'  through  a  small  space  with  great  force,  as 
in  the  copying  press :  in  this  the  mechatjiciil  advantage  is  due  to 
two  catises : — (1)  in  accordance  with  the  principle  of  momenta, 
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the  resistancQ  home  \iy  the  thrcail  of  the  screw  is  at  a  less  dis- 
tance froiu  the  axis  of  rutatiun  ttiau  are  the  poiuts  of  application 
of  the  foTces  to  tlie  handle;  ami  (2}  the  reaistauce  directly  en- 
countered by  the  point  of  tbe  screw  has  merely  a  coinjxjiient 
effective  along  tlie  tliread  of  the  screw,  this  component  varj'ing 
with  its  pitch.  In  fact,  the  screw  is  an  inclined  plane  in  which 
the  force  is  applied  horizontally,  the  resistance  vertically,  and  the 
reaction  at  right  angles  to  the  thread;  and  we  have  seen  that  in 
this  case  the 
Force  :  JRe&iatance  overcome  :  :  Height  of  iacl.  plane :  ita  Baae. 

Hence,  the  less  the  pitch  of  the  screw — the  greater  the  number 
of  turns  to  the  inch- — as  well  as  the  greater  the  leverage  of 
the  haodleH,  the  greater  the  iiieuliaiiical  udvuutage  that  can  lie 
derived  from  its  use. 

Problffu. 

What  i«  the  mechanical  axlvantaf'ij  which  can  U".  obtained  in  a  eopying- 
premof  the  foUowinR  construction  : — Effective  nuliurtof  the  arms  12  inchea — 
screw  1  i  inchM  thick — j>itch  J  inch  i^Ans.  The  hands  move  throiiph  I  inch, 
while  the  point  of  the  (wrew  deficcnda  yiji  inch.     .".  F^  =  128F. 

The  Wedge. — ^A  wedge,  as  seen  iu  Tig.  86,  is  practically  a 
douhlc  inclined  plane  movable  between   resist-  ngM. 

aneefl.     During  a  blow  there  are  at  work  (1)  the  a 


driving  force  acting  downwards  through  the  centn; 
of  AB,  (2)  a  rooclion  at  right  angles  to  AC,  and 
(3)  one  ftt  right  angles  to  HC;  these  hitter  being 
through  the  point  of  contact,  or,  if  tliere  be  con- 
tact over  the  whole  of  AC  and  KC,  through  the 
centre  of  these  lines.  These  must  cross  in  a  point 
if  the  equilibrium,  which  suhsiata  the  instant 
before  the  wedge  con»mences  to  move,  be  con- 
slden-d ;  aud  thuy  must  be  represented  by  the  sides  of  a  triangle, 
itouud  tlie  point  at  wliicli  they  meet  the  moments  =  0. 

Pulleys. — -Tliese  well  known  objects  are  wheels,  solid  or 
spoked,  mounted  in  a  framework  or  block,  which  is  either  mov- 
able or  fixed  to  a  beam  or  other  solid  attaeluuent.  The  simplest 
use  of  a  pulley  is  to  change  the  direction  of  application  of  a  force 
applied  to  a  r.onl.  Tlie  tension  of  tlie  ooni  on  one  side  of  a 
pulley  would,  if  tlierc  were  no  friction,  be  equal  to  that  on  the 
other  side  of  it,  while  the  motion  of  the  cord  on  the  one  side  of 
ihe  pulley  is  iu  any  case  eq^ual  to  tliat  on  the  other  aide,  what-- 
uver  be  the  size  of  the  pulley,  and  whatever  be  the  amount  of  the 
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Heitire  to  which  the  con}  is  snhjected.  A  single  pulley  thus 
produces  no  mechanical  advantage  if  it  simply  aen'e  this  pur- 
pose ;  but  if  this  pulley  be  itself  movable  against  a  resistance — iJ', 
for  instauce,  a  heavy  mass  be  suspeudcd  from  it,  while  the  otlier 
end  of  tU«  cord  is  attached,  stiy,  to  tlie  roof — a  luovemeut  of  the 
sus|)endud  mastj  through  uiiu  inch  would  correspond  to  the  pulling 
in  of  two  tuches  of  cord,  and  the  hand  exerting  the  force  would 
move  tluxjugh  a  space  twice  as  j^^at  as  that  traversed  by  the 
pulley.  Thua,  by  the  intcrveution  of  a  cord,  one  end  of  which  ia 
tixedj  and  of  a  single  pulley  round  which  the  cord  is  bcntj  a 
resistJiiif^o  2  may  be  overcome  by  a  force  just  greater  than  ]. 
Tliia  ]iriiiciple  of  reduplication  of  a  string  rouiul  a  pulley  is  taken 
advantage  of,  and  practically  turned  to  use  in  combinationa  of 
pulleys,  in  any  of  which  the  mechanical  advantage  is  the  numerical 
ratio  of  the  amount  of  string  pulled  out  to  the  corresponding 
movement  of  the  body  pulled  upon. 

The  Bell-crank. — If  in  Fig,  87  the  rigid  body  ABC,  which 
can  rotate  round  A.  have  a  force  applied 
to  it  at  C,  its  tendency  to  rotate  round 
A  may  cause  motion  at  B  against  a  re- 
sistance ii.     The  principle  of  moments 
shows  us  that,  whatever  the  omatiLental 
shnpo  of  the  crank,  tlie  relation  of  liie 
resistance   R  overcome  to  the   force  P 
exerted  depends  on  the  relative  lengtha 
+      of  the  effective  arms  AB  and  AC. 
Tiie  Knee. — In  Fig.  88  if  two  bars  be  jointed  at  O,  and  their 
ends  A  and  B  be  confined  to  a  given  straight  line  CD,  a  move- 
ment of  the  hinge  0  athwart 
FiK.li.  ^^^  direction  of  the  line  CD, 

corresponds,    especially    when 
AO  and  OB  ai-e  nearly  in  the 

same  straight  line,  to  a  relative 

motion  of  A  aiui  is,  which  u 
proportionately  very  small.  Hence  A  and  B  are  thrust  asunder 
with  a  forc:o  greater  than  that  which  acts  upon  the  hinge  and 
presses  it  into  its  central  position.  This  contrivance  is  used  in 
some  copying- press tjs,  baud  printing-presses,  and  railway-ticket 
endorsing  machines,  It  is  seen  in  the  human  knee :  when  the 
leg  is  stmightened  out  a  vigorous  thrust  upwards  and  forwards  ia 
given  to  the  body,  and  a  corresponding  one  downwardi;  and  back- 
wards to  the  earth  on  which  the  foot  presses. 
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A  wire  fttretcht-sl  'botwoirii  two  p<>itit»,  and  loailed  \>v  a  weigbl  or  by  Uiw 
|>r<:3enrG  of  tbf  wind,  in  a  knee  vfhaet  octioti  \s  rcveiwi].  It  teade  to  puU 
together  the  twu  aupporU  U>  whith  it  is  fixed  ;  and  if  there  were  any  man- 
ineiit  of  Uii'!«;  mip]»firt*,  it  would  be  amall  in  comparison  with  thct  corrcBpond- 
in(;  inovoiu*iit  of  the.  centre  of  the  wire.  Thus  ihe  foree  nctin;;  upon  the 
supportii  and  rveiittwil  by  thciii  i«  greater  tljan  that  acting  upon  the  vitf 
itaelf. 

FmCTIOK. 

If  a  moss  M  be  suiiporled  on  a  table  T^  and  the  weight  of  a 
mass  F  be  employed  to  pull  it  towai-ds  the  edge,  the  body  M  will 
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not  oommeDue  moving  unless  the  mass  of  F  bear  a  ccrtaio  propor- 
tion to  that  of  M.  This  |)ro]Kirtioii,  a  fraction  less  tiuin  unity,  is 
the  coefficient  of  statical  friction,  is  usually  represented  by  the 
ayinbol  fi,  and  has  to  be  ox  peri  mentally  foinid. 

Experiment  has  shown  that  the  coefficient  of  friction  depends 
upon  (1)  the  nature  of  the  substJincca  of  which  M  and  T  consist, 
(2)  the  smoothness  or  roughness  of  their  surfaces,  (3)  the  presence 
or  absence  of  lubricating  substauces — oil.  soap,  bliicklead — between 
tbeui. 

The  coefficient  of  friction  is  the  same  betweea  the  some  two 
substances,  whatever  the  mass  of  M — that  is  to  say,  the  masB  F 
must  bear  to  the  mass  M  always  the  same  ratio ;  thus  the  friction 
itaelf — the  resistance  to  slidinfj  betweeti  M  and  T,  overcome  by 
the  weight  of  F — varies  iiire<!tty  with  the  weight  of  the  m^iss  to 
be  moved,  and  therefore  varies  directly  with  tlie  pressure 
between  the  surfaces.  Again,  the  mass  M  may  be  distributed  in 
any  way,  and  the  contact  between  M  and  T  may  be  by  a  surface 
large  or  small.  If  the  area  of  contact  be  diminished,  the  pressure 
on  each  uuit  of  area  will  be  increased,  and  therefore  the  friction 
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on  each  uuit  uF  area  will  he  {iroportioimtely  greater;  bnt  tlie 
number  of  units  of  area  over  which  this  resJatance  is  exerted  is 
corrcsponciingly  smaller,  bo  that  the  mass  F,  the  weight  of  which 
13  just  competent  to  pull  the  mass  M  towards  the  edge,  rcmainR 
the  same.  Hence  the  friction  is  independent  of  the  area  of 
contact  between  two  given  masses. 

Limiting  Angle. — In  Fig.  89  we  may  consider  the  equilibrium 
subsisting  at  the  instant  before  the  mass  M  beyins  to  slide  on  T. 
The  mASs  M  is  at  rest  uuder  (I)  its  own  weight  acting  vertically, 
(2)  tlio  force  F  acting  horizontally,  and  1,3)  the  i-eactiou  K  between 
M  and  T.  This  is  inclined  at  au  angle  0  to  the  vertical.  The 
horizontal  component  in  to  the  vertical  as  tau  ^  is  to  1.  But 
horiz.-c'i>mi)on.  F 
—        — =M=''  = 


fi  =  tan  $  =  the  coeffident  of 


vert.-compon. 
statical  friction. 

Any  force  applied  to  M,  or  any  set  of  forces  whose  resultant 
acta  on  it  in  a  line  making  with  the  normal  to  the  surface  be- 
tween M  and  T  an  angle  less  than  8,  will  not  produce  sliding. 
If  there  wore  no  friction,  any  force  applied  to  M  in  a  direction 
difleriiig  in  the  least  degree  from  the  normal  would  have  a  coni- 
puneni  wliich  would  produce  sliding ;  but  friction  makes  it  neces- 
sary that  n  force  should  be  wide  of  the  normal  to  the  surfaces  of 
contact  by  something  more  than  the  limiting  angle  6  before 
sliding  can  be  caused  liy  it. 

If  a  flat  piece  of  wimd  W  placed  on  a  tubli>,  and  pressed  against  Uic  table 
by  a  Btiek  held  at  right  angles  to  it,  it  will  not  »lip :  the  stick  niay  be  iti- 
uliiiBtl  lioinewhat,  and  still  it  \nll  not  slip:  whi-ti  tliv  ttiuk  in  iiicliaeil  mure 
than  a  cci-tiuii  amount  th<:  pii'C*  of  wood  eoimiii'iicwi  to  slip  on  tin*  Uibl& 

KM  bo  preiaed  agoiiwt  T  by  a  force  P  actiiij;  in  a  lino  wbtcli  makes  any 
fttiRle  <t>  with  till-  iiurmal,  we  rc»oh'c  it  into  two  componenW :  one  at  right 
angles  to  tlit  Burfacc,  =  P  coa  <{>,  prpdiicM  prossnrc-  U-tweon  tliMo  mrface* ; 
thft  other,  P  ain  ^,  u  tho  component  wliicli  U'mU  lo  prcNlucc  ^lidiny.  If 
PMnjA  _  sliding  compoaent  ^  ^^  ^^^^^  or  equal  to  m.  tbe«  ^iU  U  no 
P  uus  0  pressure 

•UdiQ^  ;  if  it  be  jjreater  than  fx  (i-t,  if  <^  be  greater  tlwn  &).  flliiling  will  occor. 
If  thunt  bo  au  xlidiiig,  thu  coruponoat  wljith  t«?mis  to  jjrotiuo!  it  antA  up 
A  cnndiUon  of  stress  between  the  paiiidcji  t,i  ibe  two  UMlii\«,  and  thus  a 
Ruictioii  18  Bcl  up  by  molecubir  I'orcea,  eijnal  luni  oppn^iu^  in  timt  direction. 
The  amount  of  tliis  rtactioii  depends  on  the  molvctikr  cunditions  of  the  sub- 
stancfj^  anil  is  only  to  be  dutcrinined  by  Mperiment. 

Angle  of  Repose. — Suppose  a  mass  to  be  placed  on  a  table, 
and  the  table  to  be  tilted  up  until  the  mass  is  just  about  to  begin 
to  slide.  At  that  moment  tliftrc  is  equilibrium.  To  what  angle 
can  the  table  be  tilted  up?     I-et  >i  be  the  coefficient  of  friction 
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between  the  mass  and  the  table.  The  one  will  then  slip  on  the 
other  if  a  force  be  commmiicated  between  them  in  the  direction 
of  B  line  making,  with  the  nonnal  to  the  surfaces  of  contact,  an 
angle  greater  than  0.  In  Fig.  90  ore  shown  two  positions  of  the 
table  T  bearing  the  mass  M.  In 
both  Uie  dotted  lines  indicate  the 
limiting  angle  0;  in  both  the  weight 
W  of  the  mass  M  acts  verticadly 
downwards.  The  eqiiilibrium,  then, 
is  between  (1)  the  pressure  pro-  _ 
duced  between  the  masB  and  tlie 
table,  at  right  angles  to  the  latter, 
=  W  cos  ^;  (2)  the  sliding  com- 
ponent. =  W  sin  <f> ;  aiid  (3)  the  reaction  of  the  table,  eqxml  and 
opposite  tn  W,  the  weight  of  the  body.  In  the  first  case  of  Fig. 
90  the  reaction  liptween  the  Iwdy  and  the  table  falls  witliiu  the 
limiting  angle,  and  there  is  no  sliding:  the  sliding  component  is 
less  than  /*  x  the  pressure.  In  the  second  case  the  limit  is 
reached ;  the  sliding  component  is  just  eqnal  to  ;i.  x  the  pressure, 
and  is  just  able  to  balance  the  friction.  If  the  table  were  tilted 
up  any  further,  sliding  would  occur.  But  iu  the  second  case  it  is 
easy  to  show  that  the  angle  <^,  to  wliich  tlie  table  lias  been  tilted, 
ia  itself  equal  to  0,  the  limiting  angle.  Hence  the  angle  8  is  also 
called  the  Angle  of  Kepose.  Upon  the  coefficient  of  friction 
depend  in  this  way  the  angles  at  which  heaps  of  aand,  of  grain, 
and  the  like,  will  adjust  themselvoa  when  poured  out  and  allowed 
to  find  their  own  jiosition. 

This  angle  6  Las,  then,  three  praperties:  (1)  the  Coefficient 
of  Statical  Friction,  ^  =  tan  0;  (2)  8  is  the  Angle  of  Hepose; 
(3)  it  is  the  Limiting  Angle. 

Einetical  Friction. — After  slipping  has  commenced,  the 
acceleration  produced  by  a  given  force  is  less  than  it  would  have 
been  if  there  bad  been  no  friction.  The  force  is  apparently 
diminished  in  a  certain  proportion :  it  has  lost  a  fraction  k  of 
its  amount ;  energy  is  wasted,  but  not  destroyed,  in  the  furm  of 
heat  The  "  cocBicieat  of  kineticiil  friction,"  k,  is,  however,  not 
so  great  as  fi,  the  coefficient  of  statical  friction, 

Inflnence  of  Duration  of  Contact. — When  two  bodies  have 
been  in  contact  for  a  long  time,  the  particles  of  each  develop  aueh 
relations  to  one  another  tliat  p,,  the  coefficient  of  statical  friction, 
increases  with  the  duration  of  contact;  it  is  more  difficult  to 
make  a  body  slide  on  another  with  which  it  has  boon  long  in  con- 
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tact  than  ou  ooe  on  whicli  it  has  freshly  been  placed.  YHieu  one 
siufaue  slides  rapidly  oa  another,  the  particles  Eeem  to  have  no 
timo  to  aasume  such  relations,  and  the  coefficient  of  kinetical 
velocity  is  comparatively  small ;  at  very  great  velocities  it  is  still 
smaller  tlinii  at  ordinary  velocities ;  but  when  the  velocity  of 
sliding  is  very  small,  the  condition  approximatca  to  one  of  relative 
restj  the  coefficient  of  kinetical  friction  approximates  to  that  of 
statical  friction,  and  a  larger  proportion  of  enei^'y  disapiwars  at 
very  low  speeds  than  at  high. 

Friction,  then,  is  not  a  force :  it  ia  a  resistance  or  reaction ; 
it  corresponds  to  the  absorption  !of  energy  hy  its  transforma- 
tion into  a  molecular  kinetic  or  potential  form :  in  the  former 
case  tho  energy  absorbed  may  perhaps  assume  the  form  of  the 
energy  of  electrical  condition,  but  ultimately  it  takes  that  of 
heat ;  in  the  latter  case  it  corresponds  to  a  stress  between  the 
particles  of  the  bodies,  to  pull  which  asunder  requires  a  certain 
amount  of  force.  But  Friction  acta  and  may  enter  into  cal- 
culations as  if  it  were  a  Force,  never  coming  into  action  unless 
force  bo  applied,  always  tending  to  prevent  slipping,  and  either 
proportional  to  tho  pressure  butwceu  the  bodies  in  contact,  if 
there  bo  rest,  or  to  the  velocity  of  motion,  if  there  he  relative 
motion. 

Belting. — There  is  a  very  interoating  and  familiar  caae  in  which  friction 
ixTvea  aa  a  mejiua  for  the  trnnamiaaion  of  cucrgy — thai  i»,  trananiiaaion  hy 
machine- belting.  A  rotatini^  wh«cl  haa  a  belt  tightly  ilrawii  over  it,  aa  alao 
onr  a  Jiecund  ^th^ut,  not  Umi  near.  The  belt  niuit  be  tif^hl,  wj  tliat  tliuni  may 
bfl  moru  prvmun;  hc-twiien  the  leatht^r  anJ  the  jrun.  If  tbc  wbvul  he  wry 
BiDall  or  thf  tiwtiou  be  vKty  mpiit,  tbe  [ireasure  br^twcuu  thy  k^ither  and  the 
iron  niiiy  bf  l^eeiiud  by  thu  itiurtia  wf  tin,-  Wit,  which  t«ads  to  pass  the  wheel 
and  to  bi2  carried  oo.  Tho  frictioD  is  proportional  to  the  pni&sure  between 
the  wheid  and  the  helt,  for  the  relation  of  the  whpcl  to  the  belt  ie  practically 
one  oi  rest,  thou(;h  tlie  iturfacea  in  contact  are  cliuii^-d  from  instant  to  in- 
stant Tlicre  being  no  Hlipping,  tlie  friotion  ie  eCntical,  and  is  proportional 
to  the  pressure.  Though  the  belt  and  the  wheel  do  not  move  Tclatively  to 
one  ftjiother,  they  move  rcUtively  to  surrounding  objects,  and  the  belt  is  set 
in  iticitioii.  If  the  second  wheel  be  free  to  rotate  on  an  axis,  portion  after 
[KirLioii  of  itit  rim  tciida  Lo  remain  at  rext  relatively  to  the  lenlbicr,  and  the 
■ccond  wheel  in  set  in  motion  nmnd  its  aita.  Tbe  t<-nHion  of  the  Wit  is 
greater  nearLir  thr  «lriviti){  prjwer  l,b«Ti  it  ia  on  the  other  side  of  the  wheel 
driven,  Thi«  is  bec4mec  *ner(,'j'  has  been  taken  up  iti  preventing  relative 
motion  of  the  belt  and  tho  driven  wheel,  or — another  mode  of  expreesiog 
the  same  thing — -in  produdng  absolute  motion  of  the  latter.  This  ditfereoce 
of  tunston  is  eq^uiviUent  to  a  force  dir«ctly  appIiuJ  to  thu  riui  of  ttit:  wheel. 
ThuH  thu  Iciuetic  caer^y  of  tbe  driving  wheel  ie  iu  pari  iuiported  to  tho 
leather  belt  luid  lliu  rotating  wheel ;  tliiiau  come  to  furni  a  part  of  the  same 
Hystem  with  tbe  dnviuff  wheel ;  thu  latter  cannot  rotate  to  fast  when  it  is 
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drlviug  u  Bctioud  wliuel  as  it  can  wlieo  not  doing  so,  tiM  isme  tmergj  being 
fiuppUuiI  lo  it ;  and  thus  energy  iB  Inkosmitted. 

The  efBciency  of  belting  h  greatly  increaj^eil  when  the  rim  of  the  wheel 
IB  lineil  with  le«ther,  hiiir  side  outwards,  the  bnir  xiiW  of  the  lielt  being 
in  ward  e. 

Realstanoe  to  Traction. — In  moving  a  heavy  body  along  a  frictionleiB 
Icrel  path,  no  work  is  done  by  or  A^aioat  gravity.  The  force  required  to  aet 
tb«  body  in  motion  ia  proportional  to  iU  auum  ami  to  Uw  velocity  imparted 
in  a  nnit  of  time.  F  =  mo.  But  kinetic  friction  would  apputviitly  dimininh 
the  fotire  by  a  fraction  k.  Tliiw  it  is  etjuivideiit  to  a  ret^inling  force  uf  kP. 
But  UM  F  in  pri7|)urtionul  to  the  mass  set  in  moLion,  thi>  kinotic  Eriction,  which 
in  proiwrtiimid  tg  the  Ibrce  acting,  must  also  be  proportional  to  the  maea 
laoveiL  Thus  the  friction  is  proportional  to  the  mass,  and  tliereforo  to  the 
weight  of  a  vehicle.  It  is  said,  then,  tliat  the  friction  overcome  by  the  engine 
of  a  railway  Iraia  is  equal  to  a  rcHistitme  of  tto  tiiatiy  puuitdo  to  each  ton  of 
tlie  troiD'a  weight.  In  ihiK  way,  il  tnuu  uf  100  tons  may  hi'  pullL-d  along  a 
level  road  by  an  engine  which  overcomes  a  reaistoncc  of  50  It*,  per  ton,  and 
thus  the  work  to  be  done  by  the  engine  is  the  aame  as  it  would  have  been 
had  the  loiul  been  DODO  Iba.  drawn  vertically  upwanls. 

The  rosifitancca  ojv  wtid  Ui  W  no  mrmy  potuidit  jK^r  Un\,  nothiTig  V.ing  mid  of 
the  velocity.  Thin  I*  b<?amjw,  withici  wicU-  limits,  Ihc  nn-ffidcat,  it,  of  kinftical 
friction  i»  pmdically  iudepc^ndent  of  the  velocity  ;  thoiigli,  whvn  the  epeed 
becomes  very  Kmall,  the  waste  of  energy  occasioned  by  friction  become*  pn>- 
portionately  lat^e,  tlie  converse  liobling  gootl  at  high  speeds. 

Wien  a  horse  drttwfl  a  ciirt  up  a  hill  the  nlope  of  which  in  1  (vertical 
rise)  in  10  (road-len^tU),  tliu  principle  uf  the  iuebued  plane  show*  uh  that 
the  animal  has  to  put  forth  force  corresponding  to  lifting  a  weight  of  ,';j  tha 
maaci  mnved  ;  but  further,  it  has  to  overcnme  the  fricttonal  reaistancee,  which 
aw  cjuiiTilcnt  U)  an  extra  weight. 

Wlii-n  a  man  walks  )iia  knc-e  is  Htratghlencd,  and  his  bod;  is  projected 
forwards  and  ujiwiLrds  at  each  step.  The  impulie  may  be  reaolTed  into  two 
components  :  one  upward,  which  may  raise  the  centre  of  gravity  of  the  body 
about  an  inch  or  an  inch-and-a-quarter ;  one  forward,  whitb  has  to  oTercomo 
UiB  iiitermittetiL  reaialAncea  introduced  by  the  stoppage  occurring  at  the  end 
of  each  vtep,  when  the  foot  of  the  uppoxite  tiide  atrikiui  the  ground.  This  ia 
KiL  intermittent  frictional  nwistunce.  If  than  wetv  uu  fni:lioji  Imtwevn  thi; 
wheels  of  a  railway  train  and  the  rails  of  thu  milruad^  th«-n-  would  be  slipping 
but  no  pmgresa.  Friction  between  the  wheels  and  the  rails — friction  propor- 
tional to  the  weight  of  the  vehicles — has  the  effect  of  preventing  alipping ;  hut 
(ft*  in  the  ease  of  belting)  this  corrosponds  tn  the  inaintenanre  of  a  atAtc  of 
rolling  adhcflion,  undcc  which  each  wheel  is  turned  rmuntl  and  rolla  upon 
the  mil. 

Iho  naoohlLnloa]  powers,  when  friction  is  tokoo  into  account,  give 
riac  to  wverul  pmbltrnift  ;  but  the  physical  principle  underlying  the  whole 
autiject  in  l.hi-  siiini-,  tltnt  friction  nctA  in  the  same  way  as  a  force  oppowd  to 
■liding,  aniE  tbut  it  is  pro^mrUoual  tn  the  presMUte  or  to  the  actual  velocity  of 
sliding,  as  the  rase  may  be.  As  nn  example  let  us  tak<-  thin  queatiftU  :  A 
copying-press  is  pressed  hard  down  on  the  copyintj-buok  ;  the  hand*  an 
removed ;  the  book  remains  under  pressure  ; — why  does  tlie  screw  not  come 
up  ?  The  reaction  of  the  book  has  a  component  up  the  line  of  the  ihivad 
of  the  screw  ;  this  would  tend  to  send  up  the  screw,  but  it  is  counterbalanced 
by  friction,  acting  as  a  rceistancc  in  the  oppusite  direction  down  the  thread. 


KnOtTTCS, 


tOffiV. 


It  maybe  left  to  tlie  reiuler  to  show  (1)  that  the  bett«r  the  screw  is  oi]<d,tl)» 
loBi  ftble  wUl  it  bu  to  retain  it«  hold  ;  luid  (2)  that  a,  scraw  of  too  Urge  «  {ntch. 
(one  the  turns  of  whose  itrcad  are  too  Utr  apart)  may  full  to  hold  the  book 
dowiu  The  upward  pressure  is  resolved  into  two  oomponenlfi,  of  wbkb  the 
one  uloDg  the  thread  of  the  screw  must  not  \ifs  (^rcatur  ttuut  /u.  x  the  com* 
ponent  at  right  angles  to  thfl  thread  ;  if  it  bo  greater  than  this  the  bovw  will 
slip  upwards  in  it^  nnt. 

If  an  onBymmeirical  wedge  hare  a  force  applied  at  the  ceotro  of  on« 
aide,  find  itM  rcaclioiit'  at  t!ie  eentree  of  its  other  aides  {the  ends  being  ne};lected), 
and  if  thirrc  ln'.  frictiun  :  prove  that  there  ie  a  point  round  which  the  eum  of 
the  tDomciitii  =  0  ;  ihaL  tJiat  puiut  lh  not  the  ccntn*  of  Aj^'urfi  ;  and  that  the 
momenta  round  the  centra  of  figure  will  indicjitc  tlial  there  is  a  rotution  of  the 
whole  wedge  in  ench  a  »enne  that  the  centre  of  figure  is  carried  forward  under 
the  acttoTi  of  the  dri\*ing  force  furlber  than  in  that  point  round  wbi^  the 
wed^e  rotate*. 

Friotlon  on  a  raindrop. — A  raindrop  falling  in  vacua  through  a 
height  k  would  acquire  a  velocity  v  =  v^gK  =  8*340  Va  feet  per  SNond.  It3 
atarting  point  might  eMily  be  no  diBtnnt  that  a  blow  from  a  raindrop  travel- 
ling under  these  circmnstantwi  woul<i  be  fatnl  to  any  living  bring  struck  bjr 
it.  But  lit  evt.-ry  instant  of  ita  courst;  it  is  subject  tn  kiiii-tic  trictinn  tending 
to  r«duc«  ita  velocity  at  the  instant  ;  at  tht<  same  time  it  it  nubjcct  to  the 
accelerating  force  of  gravity :  and  tbuj  there  must  l»  a  certain  velocity 
at  which  the  retardation  of  friction  and  the  acceleration  due  to  Bravity 
will  balance  one  another,  and  tli«  ilrop,  if  it  once  attained  this  speed, 
would  retain  it,  and  fall  with  a  constant  velocity.  This  happena  in  the 
cose  nf  the  raindrop,  and  also  in  the  cnae  of  a  etone  or  granule  iolliog  iu 
deep  water. 

Friction  of  a  rope  round  a  post.- — This  1$  familiar  in  the  example 
nf  a  rope  passed  round  a  pout  on  a  cjnay  in  order  to  hold  f(i*t  a  Bhip.  If 
nny  little  pflrt  or  clcnwnt  of  the  rope  be  eonsidercd,  it  will  be  seen  tliat  the 
friction  is  proportional  to  the  pivasure  of  that  part  of  the  rojie  an  tlic  [>ot>t| 
and  to  a  certain  extent  it  tends  to  prevent  slipping  ;  in  this  it  partly  counter- 
act«  the  tension  of  the  rope  ;  the  ten^iun  cucamunicatml  to  the  end  of  the 
element  of  the  Ta\>f.  further  front  the  applied  force  is  less  in  couMfiiui'.nee  of 
thisi  than  it  would  liavp  been  if  there  had  been  no  friction.  IE  we  trace  out 
in  this  wity,  nlonu  the  rope,  the  gradual  diminution  of  teneion,  we  find  thul 
tlie  tcnfiion,  after  a  complek;  turn  nf  the  rope  round  the  pont,  dwindleri  down 

to  a  constant  fraction  ■ —  of  tliu  original  tenHioo.  Betwtcu  a  Jiexible  rope  and 

wood  this  constant  fraction  is  about  f ;  hence  a  force  of  1  lb.  cuuld  prevent 
a  force  of  9  Itn.  from  pulling  a  fEcxJhle  rupo  round  a  port  round  which  it 
hfljd  been  piMcd  so  OS  to  form  a  complete  turn.     After  two  tume  the  tem-ion 

becoiucA  ^  ;  «ft«r  ten  turns  it  becomes  -^  =  3  486  7847oi  "      ^*''**    * 

man  exerting  u  furce  of  1  lb.  at  the  end  of  a  rope  wound  ten  timc«  round  a 
poet  would  be  able  to  resiBt  n  pull  of  about  one-and-a-half  million  tons-  Of 
course  this  ia  not  attaiued  in  practice,  because  no  ropea  are  thoroughly  flexible, 
and  none  arc  strong  enough  to  stand  such  strisaefl  ;  but  a  perf«tly  flexible 
rope  would  diminish  tension  in  this  manner  without  reference  to  the  diameter 
of  the  poet  round  which  it  ia  wrapt. 
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Bolllnff  FrlotioiL — When  a  ball  is  set  to  loll  on  ice  it  goes  farther 
than  it  can  on  a  wooden  floor  ;  fur&er  on  that  than  on  a  carpet ;  further  on 
a  carpet  than  on  grass.  The  rotation  is,  however  at  length  stopped.  To 
produce  a  rotation  a  couple,  or  something  eqnivalent  to  a  couple,  is  needed  ; 
to  atop  rotation  a  single  force  is  competent  The  greater  the  moment  of  the 
force  opposed  to  the  rotation,  the  sooner  will  the  rotation  be  stopped.  The 
rotation  of  the  ball  is  stopped  by  the  resistance  of  Mction.  This  is  equal  to 
a  small  force  acting  at  the  surface  of  the  ball,  and  bearing  a  constant  ratio  to 
tbe  pressure  produced  bj  its  weight  This  ratio  is  very  smolL  The  resist- 
ance, then,  to  a  wheel  rolling  along  the  ground  is  much  less  than  the  resist- 
ance to  the  same  object  pressing  against  a  brake.  It  is  very  much  easier 
to  move  the  trunk  of  a  tree  by  setting  it  on  lo^  which  roU  on  the  ground 
and  on  which  it  rolls,  than  it  is  to  drag  it  along  the  ground.  There  is  less 
friction  at  a  well-oiled  hinge  or  well-lubricated  joint  than  there  would  be 
in  any  other  contrivance  used  for  transferring  s  given  mass  from  one  position 
to  another.  If  a  wheel,  insteadjof  having  its  axle  snpported  in  bearings,  have 
it  supported  on  a  couple  of  pairs  of  friction-wheels  which  are  free  to 
rotate,  the  axle  as  it  turns  does  not  rub  against  a  fixed  bearing,  but  the 
friction- wheels  yield  and  rotate,  so  that  the  rotating  axle  is  supported  by 
snrfaces  which  travel  at  the  same  rate  with  it,  and  the  friction  is  accord- 
ingly very  smaU. 


CHAPTER  VIL 

ATTRACTION   AHD   POTSHTUL. 

(HEX  one  body  forma  with  others  a  system,  a  couservalive 
aystem,  which  will  bo  put  under  stress  when  the  bodies  are 
removed  from  contact  with  one  another,  these  bodies  arc  said  to 
be  Attracted  towards  one  another ;  and  if  they  be  fixed  in  such 
n  position  that  the  stress  of  the  system  is  permanent,  the  condi- 
tion is  one  of  statical  equilibrium.  Wheu  a  spring  is  drawn  out 
and  fixed  by  a  catch  there  is  equilibrium  between  the  recoil  of  the 
spring  and  the  molecular  forces  within  the  catch,  which  resist  its 
deformation ;  when  a  heavy  stone  is  placed  on  a  wooden  table,  if 
the  table  be  strou^;  euoii<;h  to  sup]jort  the  stone,,  Ux're  will  be 
equilibrium  between  the  weight  of  the  stone  and  the  resistance 
to  erushinfj  offered  by  the  wooden  support.  If  the  spring  be  re- 
leased it  will  fly  back :  if  the  supporting  table  bo  removed  the 
stone  will  fall.  In  the  former  case  thero  is  a  visible  medium,  the 
spring,  the  elasticity  of  wliich  comes  into  play ;  in  the  latter  the 
elastic  medium,  whieh  tends  to  relieve  itself  of  strans  by  pulling 
the  atone  towards  the  earth,  if  such  a  medium  be  present,  is 
not  a  visible  ona 

Let  us  consider  attractiou.  which,  whatever  be  its  cause,  obeys 
the  particular  law  that  a  mass  M  and  a  mass  m  are  attracted  by 
each  other  with  a  force  which  depends  on  each  mass  directly,  and 
on  the  square  of  the  distance  between  them  inversely.     Then 

Mm 


/ 


,      .     .       .Mm 

that  iB,/=  «-«-■ 


In  a  system  of  particles  of  this  kind  we  must  further  assume 
— and  experience  wan-ants  us  in  so  doing — that  every  particle  is 
connected  with  every  other  particle  by  an  independent  attrac- 
tion ;  then  tlie  total  attraction  of  one  particle  for  another  set  of 
particles  has  to  be  found  by  a  process  of  summation.  To  effect 
this  summation  the  aid  of  the  Integral  Calculus  has  in  genera] 


i 
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to  be  called  in;  the  process  is,  however,  of  thta  kind: — The 
mass  and  the  distance  of  every  particle  from  every  other  being 
taken  into  account,  the  force  of  attraction  between  each  particle 
and  every  other  is  to  be  separately  found,  and  the  whole  ia  then 
to  be  summed  up.  In  simpler  cases,  either  of  the  mutually  at- 
tracting maases  may  he  considered  a-s  acting  at  its  centre  of 
figure ;  then  the  mean  distance  between  the  two  masses  ia  the 
distance  between  their  centres  of  figure- 
Attraction  in  particular  cases. — (1.)  A  hollow  sheU,  who»e  thick- 
rB^  ^  iiifiiiHeBiuinl,  iittnLtU  an  exIiKrual  particle  lu*  if  all  iU  inawi  were 
_  at  iU  ceiitiv,      lU  nrea    is  4irr'  ;  tlm  iiiiiouiit  of  uvut*  {wr  unit  of 

iOJtbiM  (its  "  density  ")  ^  tr  ;  iu  idoes  M  is  th>('ri.'ri>ris  iirr'tr.    It  aclM  on  mom 
m  I^BDetl  lit  a  Die.an  i]ietaiicn  a   ftam  th«  centre  of  the  shell  oa  if  tho  whnlu 

msM  dnrV  were  at  that  ceuLrc,  &iid  the  attraction  ft   '- 


'k. 


If  tbo 


attracted  jiarticle  were  of  nait-tnaas,  m  =  1,  and  tlis  attraction  of  the  ahull 

on  s  unit-particle  would  be  k. ;— , 

a* 

[f  the  ext(^rtia1  puni<:lG  wore  juit  ouUide  the  eheW,  so  that  il«  disUiucc  a 

from  the  centre  ii  practically  ctpml  to  t,  the  radius  of  the  shell,  a  =  r  and 

(S.)  A  eolid  Bplicre  iLud  aa  vxtcmal  particU*  will  is  the  same  way  act  oil 
one  another  aa  if  all  the  maiw  of  ihc  sphere  were  ^thonid  at  t!ie  centre. 
"Hie  attrartion  hetwfen  a  sphere  w-hose  radius  ia  R'  and  whoH«  amount  of 
man  per  unit  nf  volume  ("  voltune-denaity  ")  =  p,  and  a  unit  particle  at  a 

dbtancf  a  from  thucoutn;  uf  theepherc^is  fc.{^n-R3)  p. —-{for  the  volume  of 

a  aphetv  tl  radius  II  ix  ^irR'):  if  Die  piu-ttcle  be  jnat  on  the  surface  of  tha 

Bpherts  tin;  atlructian  Is  k .  (jJtR'J  p  •  ■^j  =  t ,  JxBp. 

(3.)  An  attravtiDK  iht-l]  of  any  thickness  has  no  action  whatswivcr  on  a 
heavy  particle  contained  within  iL  For  every  area  of  Uio  shell  uu  one  eido 
of  the  [^article  which  may  attract  it  in  one  direction,  there  in  another  on  the 
other  ritic  attracting  it  in  an  oppofiite  direction  ;  and  the  due  exactly  IjalancKn 
the  other,  fr>r  what  <'wlvaiilagi!  tlie  on<'  area  may  have  in  size  the  other  exactly 
makes  up  for  in  proximity.  Thus  it  is  not  powibic  to  find  any  arua  of  the 
sphere  the  attracting  effect  of  which  on  the  particle  within  the  sphere  ia  not 
exactly  countcrlioknced  by  the  oppoaicg  effect  of  another  area.  The  particle 
attracted  eJiually  in  every  direction  remains  at  rest. 

Tf  a  pniijL  he  juot  oiitxide  n  «<hel1,  the  atttuclion  juH  ciuliiiidi-  '^k.  47nr  ; 
jnst  insidp  it  =  0  ;  and  tliun  tbr  jwirticlc,  if  5t  pass  throujth  the  nhell,  poaaea 
from  a  field  where  the  attraction  on  a  unit  p»rlicle  ia  k .  4ir<r  to  another  when 
the  attraction  differs  from  ite  former  value  by  k .  ^irtr. 

(4.)  Between  a  particle  and  an  arc  of  a  circle  at  the  centre  of  which  the 
particle  etaiids,/  =  i.  (maw  of  circular  arc  -r-  rad-)  x  2  bid  ^  nnj^Ie  nubtended  ; 
JUKI  aa  if  a  inaK«  equal  to  that  of  a  chord  of  llie  arc,  witli  the  samu  density  as 
tbo  arc,  w«r«  concentrated  at  the;  Dildpoiat  of  the  arc. 
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(0.)  Betveea  a  semicircle  and  a  particle  at  iu  ceatrr,  /  =  it '-^ — 

_.    girtr 

~    "    r  * 

(6.)  Bctvecn  a  definite  line  AB  an<l  a  nnit-partiele  at  D  opposite  ib« 
centre  0  of  the  line  AB.  Draw  AD  awl  BD.  With  centre  D  oad  radiua  DC 
dnw  &  circular  arc  limited  hy  the  lines  AD  and  BD.  T!i«  line  AB  anil  Uiia 
circular  arc  exert  the  same  attraction  on  a  ooit-particle  nt  D. 

(7.)  Between  a  hemispherical  ehdl  and  a  particle  at  it«  centre,  th<^  attrac- 
tion itf=k  .  iTcr,  and  is  independent  of  the  nuiius. 

(fi.)  Butwueu  an  indefinite  plane  and  a  body  at  a  finite  dii»tAJicL-  x  from 
it,  the  sLtractioii  i^  tlie  same  as  in  cose  7,  and  f  =  k.  Stto-.  This  18  inde- 
pendent of  the  dblancc  X.  If  the  particle  piwB  tlironyh  the  infinite  plane  it 
pruweB  to  a  region  whurc  the  aiLmction  la-i.  Stto*,  tecauao  it  acts  in  the 
opposite  direction,  and  therefore  differs  from  ibt  former  amount  by  k .  Atnt, 

(Q.)  In  a  cone  the  vertex  or  apical  particle  of  (be  cone  \i  attracted 
cquaJly  by  every  thin  layer  of  the  enbutftnce  of  the  cone,  Tho«c  that  arc 
further  hare  a  mom  incT«a«inR  ae  the  nquare  of  the  distance,  but  their  attiac- 
lion  per  unit  of  moss  diminishes  as  the  eqtiarc  of  the  distant. 

Convention  aa  to  Attraction  and  Bepulsion. — A  force  of 
tUs  kind  is  conventionally  said  to  be  Positive  when  its  effect 
is  to  sepftrate  (or  to  increaac  the  diatance  between)  the  bodies 
by  whose  relative  motion  it  is  manifeated.  Thus  a  repulsive  force 
is  positive  ;  on  attractive,  wMcU  diminislies  the  distance  between 
two  massts,  is  negative.  This  convention  is  opposed  to  the  ordi- 
nary use  of  speecli. 

Potential  £ner^  in  ca^e  of  Sepulsion. — If,  as  the  phrase 
goea,  two  bodies  repel  ono  another,  and  if  one  or  both  of  them  lie 
fipee  to  move,  their  mutual  separation  may  be  carried  on  to  an 
iniijiite  distance.  As  long  as  it  is  still  possible  under  any 
specified  circumstances  for  the  bodies  to  become  still  further 
separated  by  their  mutual  repulsion,  there  is  still  some  potential 
energy  in  that  system  which  consisU  of  the  two  masses  together 
with  the  intervening  medium,  if  there  be  any  such,  and  the 
mutually  repelling  bodies  must  be  separated  to  an  infinite  dis* 
tance  from  one  another  before  their  repulsion  ceaaea  to  act  or 
before  the  Potential  Enei^  of  the  system  becopies  reduced  to 
zero.  When,  on  the  other  hand,  the  bodies  which  repel  one 
another  are  in  contact,  the  Potential  Energy  of  the  system  i^  as 
great  as  it  can  possibly  be. 

Work  done  by  Sepnlaion.^ — If  two  masses,  m  and  m^, 
situatod    at   a   distance  r  from   one  another   and  repelling  one 

another  with  a  force  =  k  -~,  be  allowed  to  separate  through  a 


i 
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little  dutaiice  Br,  Uie  syst«m  liaa  exchanged  a  coniiguratiou  iu 


mm. 


'  which  the  mutual  force  was  k  — -J  (or   one  in  which  it  has 


mm. 


been  diminished  to  k  -. —  '  -  ;  and  the  work  done  by  the  repulsion 

is  the  product  of  the  mean  force  into  the  space  hr.     If  Zr  be 

taken  small  enough  this  product  becomes,  with  on  indefinitely 

,  .       •  11  mm,        .        ■-    , 

dose  approjomation  to  accuracy,  equal  to  *  ~-z*  X  or.     U  the 

bodies  incraaae  their  distance,  making  the  distance  {r  +  Sr)  grow 


to  {r  +  2Sr),  the  work   dooe  in    this  stage   is  k 


mm. 


X  Sr, 


Summing  up  by  means  of  the  Integral  Calculus  the  work  done 

rby  the  repelling  force  in  separating  the  liodiea,  stage  by  stage, 

fVom  a  mutual  distance  r  to  a   distance   V.,  we  &nd   that  it   is 


kmrn. 


.  (74)' 


Hence  the  work  done  by  a  repulsion  (which  at  any  distance 

r  is  equal  to  —j^]  in  separating  two  masses  from  a  distance  r 

,.  n     ■     ,  t^       l■^        kmvu     .  , 

to  a  distance  2r,  is  kmm^  I  -  "-r')  =  '^r  '•  in  separating  them 


from  2r  to  3r,  it  is  equal  to  hmm^  (  ^ — g- )  =  y— ' ;  from  3r  to 


kmm 


4r,  it  19  equal  to  ■— -*  ;  from  distance  r  to  an  infinite  diatance  », 

J  jSr 

it  is  equal  to  kmvi    (    — ~j  =  kmrn   ( "  ^  **  )  =  ~~~'.    Hence  if 

a  certain  amount  uf  work  be  done  by  the  repulsion  in  doubling 
the  distance  between  two  mutually  repelling  bodies,  the  same 
■  force  would  do  exactly  twice  aa  many  units  of  work  in  trnna- 
'ferring  the  one  of  them  to  an  infinite  distance  from  the  other. 

The  Potential  Bnerary  unexhausted  at  any  (riven  diatanoft. — 
To  remove  a.  m&si  m'  from  a  point  st  a  distance  R  from  a  fixed  repelling 
mue  fn  to  &n  infinite  distance  wculd  involve  exp«ncliture  (lny  the  repuUion)  of 

'work  =  kmrri^    f  —- l  =  —■•■    :  lliia  work  not  having  lie«n  done,  when 

the  distjiTice  between  the  bodies  Ib  finite,  the  poteotiol  energy  of  the  system  ii 
ao  for  nntxhaueu'd.     At  am  iutinitv  diittance,  "R-^  oe,  oci]  the  uuoxlmuated 


itiftl  energy  is 


a 


The  unesliauated  Potential  Energy  of  two  liodies  of  roacKn  m  uid  m^,  !«• 
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pelltng  000  another  and  iiituatcd  at  a  diaUnca  II,  ia  i  -^ — ;  tliia  is  called 

the  Mntiial  Pot^ntml  at  the  two  UAaseJL 

If  one  of  them  be  a  unit,  the  mutual  ^lotetitiftl  is  i  — - .     Thin  in  numeri* 

it 

calif  equal  to  the  Pot^-ntial  aa  defined  in  tLe  next  paragraph. 

Direction  of  Movement. — At  an  infinite  distance,  where  the 
potential  energy  attrihuted  to  a  body  there  placed  would  he  zero, 
there  would  be  no  force  impelling  to  any  further  separation.  At 
auy  place  where  the  potential  energy  has  a  positive  value,  it  will 
tend  to  exhaust  itself,  and  a  body  there  placed  will,  if  free  to  do 
so,  move  away  towards  some  place  where  it  would  have  lesB 
poteutial  energy.  But  the  Potential  energy  which  a  unit- 
mass  would  have  if  placed  at  a  particular  point  in  space, 
— the  work  which  would  have  to  be  done  by  the  rcpoUinf*  force 
in  removing  the  unit-icass  from  tliat  point  to  an  infinite  distance, 
or  done  agaiust  repulsion  in  conveying  the  unit-mass  from  an 
infinite  distance  to  that  point, — may  he  stated  as  an  attribute  of 
that  point  in  space  and  may  be  called  ita  Potential.  This 
may  be  numerically  high  or  low.  Then,  under  a  repelling  force,  a 
body  tends  to  move  from  a  place  of  high  potential  to  a  more 
diatflnt  place  of  low  potential,  and  if  the  hody  be  free  to  move  in 
that  sense,  the  force  will  do  work ;  while  if  the  body  be  moved 
from  a  place  where  the  potential  is  low  to  one  where  it  is  liigb, 
the  movement  is  effected  against  repulsion  or  resistance,  and  work 
is  done  against  the  repelling  force. 

Potential  a  condition  at  a  point  in  space. — We  must  dis- 
tinguisli  hetweou  the  I^oterUial  Energy  which  a  inass  may  bo  said 
to  havG  in  virtue  of  its  position  at  a  certain  point,  and  of  its  con- 
sequent relation  to  neighbouring  masses ;  and  the  Poiaiiiai  of 
that  point  in  space.  The  condition  at  that  point  of  space  is  such 
that  if  a  unit-mass  were  placed  there,  the  forces  acting  on  it 
would  do  V  uuita  of  work  in  conveying  it  ta  an  infinite  ilistanco, 
or  would,  on  the  other  hand,  have  V  units  of  work  done  against 
them  if  the  unit-moss  were  forced  against  them  from  an  infinite 
distance  to  that  point:  and  this  is  a  property,  numerically  ex- 
pressible by  the  numerical  value  of  V,  but  independent  of  the 
actual  presence  or  absence  of  any  unit-mass  at  that  point. 

"Work  dono  BffflJnet  Attractioo. — If  a  body  be  at  a  given  dietaoee 

T  from  on  attractini^  mtif-.^  tht;  action  belwc'ca  the  Lwo  bodies  is  a  force  tend- 
ing to  approximate  theiu  :  work  is  done  hy  tbe  attrai^ting  force  in  doing  this  : 
but  "the  work  done  bif  tlie  attracting  force  in  )>cparatitig  the  bodies  to  an 
iD^nite  distance"  in  a  negative  quantity,  for  work  (bV  nnita)  would  ha%*e 
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Lo  be  done  against  the  attrnclioii  in  producing  tbia  moTemeiit ;  and  the 
potential  at  a  diatanco  r  trom  lbs  attracting  maas  ia  -  V,  a  uesative 
qiuintity. 

Potential  in  the  special  caae  of  Oravitatlon.^A  }H)un<l'tiuuM 
staitdinf,'  on  the  sariJiri!  df  tli«  earth  w.iulii  (if  the  earth  were  a  nfhera  of 
radius  4000  mjk»)  require  the  cxpcntiniirp  of  '21,120,000  foot-poundn  of 
work,  and  no  more,  to  nemore  it  to  an  inlinilo  diitUinef,  this  tarcc  hcioR 
exRrt«tl  agaimt  the  gTAvitatioa  ;  and  therefore  uny  point  on  the  aurfacc  of  tlie 
•artb,  thiu  amumeii  to  be  sphencai,  would  be  at  a  negative  potential  of 
—  31,120^000,  wliilit  ItiK  {Kkteiitial  of  any  point  at  an  indefinitely  great 
dietaace  would  Ixi  x«ro.  By  a  upcdal  eicception,  however,  the  Potential  gf  a 
point  at  the  surface  of  the  t^arth  is  cuiiMidcred  to  Iw  j*ito,  autl  a  Ixidy  lying 
on  tb«  earth  has  no  potential  enersT  ;  while  a  pound-moss  reiuuvcd  to  an  in- 
definite distance  could  have  no  more  than  21,120,000  foot- pounds  of  potential 
OOfgy  stored  up  in  it ;  and  the  gravitation -potential  of  a  point  at  an  intinite 
difltoncp  h  +  21,120,000  in  British  or  Foot-puund-isccoDd  unibi. 

Absolute  Zero  of  Potential— A  point  is  at  zero  potential 
when  a  body  placed  there  would  have  no  potential  energy.  This 
is  the  condition  of  a  point  at  an  infinite  distance  from  all  repelling 
masses. 

fields  of  Space  in.  opposite  conditions. — If  there  be  two 
Twdies,  the  one  attracting,  the  other  repelling :  a  unit-mass  brought 
near  the  former  will  on  the  whole  be  attracted,  as  a  small  magnet 
in  attracted  by  the  nearer  pole  of  a  large  magnet  more  thaii  it  is 
repelled  by  tlm  further  pole ;  if  hrougbt  near  the  other  muss,  it 
will  OQ  the  whule  be  repelled.  The  space  in  the  ueighhourhood 
of  the  attracting  mass  will  be  a  jield  of  space  in  which  the 
►potential  is  negative ;  round  the  repelling  body  there  will  be  a 
■field  of  force  of  positive  potential. 

Oontintuty  of  Potential  through  Zero  value. — A  particle 
passing  from  a  region  of  ]iositive  ]iotential  into  one  of  negative 
potential  must  pass  through  a  point  where  tlie  potential  is  zero; 
for  if  it  were  possible  for  it  to  do  otherwise  there  would  be 
physical  discontinuity.  As  it  thus  moves,  the  positive  |)otential 
energy  of  the  body  is  gradually  exhausted,  becomes  zero,  and  then 
becomes  a  negative  quantity. 

Arbitrary  Zero  of  Potential. — We  may  arbitrarily  assume 
any  point  or  surface  iii  the  neighbourhood  of  attracting  or  repelling 
masses  as  one  whose  V  =  0  ;  then  those  places  which  have  a 
greater  potential  arc  said  to  be  localities  of  positive  potential,  and 
those  at  which  the  potential  is  less  are  said  to  be  localities  of 
negative  potential.  This  is  convenieut,  for  absolute  zero  we 
know  no  more  tlian  we  know  absolnte  rest. 

Analogy  of  Sea-level. — Ijot  us  assume  that  the  aurfaoa  of  the  earth 
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it  the  wa^leTel  taken  ut  high^water  inarlc  Tliis  is  an  orbUrary  aMuniptian, 
for  luw-witter  murk  inif;ht  liuvv  Jti«t  an  well  beeo  choM-n.  If  k  )>ix1y  \i9 
plitc«il  ut  u  certain  hci^hl  at>ovc  wa-lwel,  ({ravitation  may  Ao  a  cvrtain  amouat 
of  work  in  bringing  it  down  to  that  level,  for  the  mass  placed  at  that  height 
has  a  certain  amount  or  potential  energy  :  at  a  lew  height  it  has  less  potential 
CDCi^  ;  at  the  aea-level  it  hua  noDii ;  if  placed  Lelow  the  »«a-Uv'el,  it* 
potential  um-j'gv  is  &  nc|;ativo  ^luanttty.  Hence  the  ^ruvitution-lvvei  potential 
ahovc  »cu-lvvcl  iH  of  uppoiutu  sij^  to  that.Lelow  lU 

Obviously  it  would  ha  poesible,  instead  of  aaying  that  a  point  in  space  ia 
flO  many  feet  shore  or  below  Bca-level,  tn  say  that  a  pound-maaa  there  placed 
would  have  V  unita,  +  or  -,  of  potential  energy  if  there  placed,  and  thiia 
to  define  the  distance  between  that  point  and  AcO'Uvel  by  ita  gravitation- 
potential 

Equipot€iitial  Sorfacea. — Ta  Fig.  9 1  0  is  a  tepelling  particle. 


Fir  .01- 


H*     I 


All  paints  at  et^ual  distances  from  it  are  at  the  same  poleatial. 
If  tliese  be  joined  they  fonu  a  sphere.  The  potential  at  every 
point  of  the  surface  of  one  of  these  imaginary  splierea  is  the  same, 
and  may  bo  represented  by  V^.  This  sphere  is  an  equipoteniial 
surfcKt  for  pottjutial  V,.  Within  this,  and  concentric  with  it,  lies 
another  sphere,  the  potential  at  every  point  of  which  is  Vj. 
Within  this  lie  successive  shells  or  imo^nary  spherical  surfaces, 
over  each  of  which  the  potential  is  equoL  If  these  surfaces  be 
chosen  guch  that  their  potentials  have  a  common  difference — that 
is,  thatVj— ■Vj  =  V,— V,=:V^— Vj,  etc — and  if  these  differences 
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each  represent  one  unit  of  -work,  a  set  of  equipotential  surfaces 
thns  obtained  13  c-alled  a  '^  Si/itnn  of  Fquipntential  Surfaces." 

Motion  parallel  to  Eqnipotential  Surfaces  does  not  involve 
work  done  either  by  or  against  the  attracting  or  repelling  force. 

Motion  across  Eqnipotential  Surfaces,  from  one  surface  to 
another,  implies  Uiovem^ut  fruui  u  pkcu  where  the  pctuulial  has 
one  value  to  a  sjtul  where  it  has  iiuuther.  A  unit-mass  moving 
from  the  secoud  to  the  first  surface  in  Fig.  91,  loses  potential 
energy  =  Vj  —  Vj :  on  a  mass  m  the  repelling  force  would  do 
work  =  m  X  (V,  —  V,).  A  mass  m  moving  from  equipotential 
surface  No.  10  to  15  in  a  system  of  such  surfaces,  whatever  be 
their  fomi,  would  have  work  =  hm  units  done  upon  it  against 
the  reiielhng  force. 

The  work  done  wonld  be  the  same  whatever  he  the  points  of 
the  respective  surfaces  between  wliich  the  motion  is  effected. 
Any  transference  of  a  particle  from  one  equipotential  8^^^face  to 
ranotiier  may  be  effected  by  a  vertical  translation  from  the  one  to 
the  other,  wliich  involves  work,  compounded  with  a  translation 
along  the  second  e(|uipotetttial  surface,  which  involves  none. 

The  work  done  by  a  transference  of  a  particle  from  a  point 
A  on  one  eqnipotential  surface  to  a  point  B  on  another  is  also 
always  the  same,  by  lehciifver  jiath  the  transference  he  efiected, 
provided  always  that  tliere  is  no  friction.  The  most  complex  path 
may  be  resolved  into  so  much  movement  at  right  angles  to  the 
equipotential  surfaces,  which  implies  work  done  by  or  against  the 
5,  and  80  much  parallel  to  them,  which  consumes  or  liberates 
no  cnerg)'. 

TIiJb  may  also  Lo  jirovcJ  by  a  rtd-acth  oii  ahtanHm.  If  in  Fig.  91  thure 
■Were  two  jHweiblu  paths  'b«twc!«[i  A  and  B,  ono  of  wHicli,  ACB,  carniapnnd<?d 
t»  a  units  of  wurk  dnnc  by  n  unit-maA-t  of  nuilbr  traverxing  it,  wfailt!  the 
ot}]*!r,  BDA,  correi[[>i>ii<)(;il  to  a  grt-at«r  aiuuiiiit,  h  imitu,  (>r  work  ;  iIk-q  it 
wouM  be  poailMi:-  tn  oiuitK  a  limly  to  fall  friim  B  U>  A  down  tlie  path  BDA, 
coiTFSponding  to  llie  ^fwater  work,  xiiA  by  falling  to  pull  directly  or  indirectly 
•  mam  equal  to  its  own  up  the  easier  path  ACB  ;  it  would  itiulf  acquire 
kinetic  energy  corresponding  to  energy  =  6  -  a;  the  bwly  thii»  pullud  up 
lalintg  ACB  might  in  iU  turn  fall  dovi'n  tho  path  BDA,  and  miiw  olung  the 
patb  ACB  th«  mass  which  hod  pniviuuBly  Lmver^ttd  the  pulb  BI>A,agiua  with 
gala  of  viwrify  equal  to  ft  -  a.  Thus  Lhe  cirDuiL  might  be  kept  up  with  coa- 
tlnuous  ({aiu  uf  cner^^  and  thie  coutrivance  might  be  utiiiBed  as  a  perpetual 
motor  ;  but  this  is  aa  imposaibility  ;  thcrt:fori>  there  ih  an  ef|unl  (■xjienditure 
or  liberation  of  eneTi^-y,  f»  far  a.i  the  ftttrm-ling  or  rcpolliTig  forccit  nre  concerned, 
in  effenlin^  .1  tratiftftrenct  along  every  poMible  path  between  any  two  given 
point*  in  space. 

If  A  and  B  be  two  eqnal  particles,  A  attracting  and  B  repel- 
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ling  external  pnrtidcs,  the  space  suiroundiii^'  A  will  be  a  region 
of  w^Titive  potential,  wliile  the  potential  of  the  Jieiyhlwurhood  o£ 
B  13  positive.  Over  a  plane  syntiuetrically  situated  with  respect  to 
A  and  H  the  potential  will  be  zero,  wliile  the  attraction  will  cany 
b<K^it^3  ncros3  the  equipotential  surfiices  to  the  point  A. 

Distant  between  Concentric  Eqnipotential- Surfaces. — In 
a  system  of  concentric  spherical  eqiiipotential-surfaces,  the  dis- 
tance between  every  pair  of  these  surfaces  is  proportional  to  the 
sqnare  of  their  mean  distance  (i.e.,  of  the  geometrical  mean) 
Srom  the  centre  of  the  single  attracting  or  repelling  mass. 

Two  cuDceutric  ephcricul  cqiiipoteDtial  eurTaces  whottc  pQtenllals  arc 
V*  ATuI  (V  +  1))  an«l  whose  respective;:  radii  ore  K  ooii  K' ;  'we  wiah  to  find 
cho  %-«1i)fl  of  R  -  B>. 

1  RR> 


V  -  »  ^,  and  (V+  I)  =  ft^  ;  whence  R  -  R'  =  Am  y-^y^.=- 


km 


Thus,  if  the  equipotential  surfaces  be  those  surrounding  the 
earth,  over  which  the  potential  due  to  Oravitation  is  constant,  and 
if  the  ilistaiices  between  the  surfaces  be  such  that  transfer  of  a 
poiuid-niaaa  from  any  one  surface  to  the  next  one  represents  a 
foot-pound  of  work  done ;  then,  at  the  distance  of  one  earth's- 
ntditis  from  the  centre  of  the  earth— that  is  to  say,  on  the  surface 
of  the  earth — the  distance  between  two  equjpotential  surfaces  is 
oue  foot;  twice  as  far  from  the  centre — that  is,  4000  miles  (nearly) 
from  the  surface  of  the  earth — the  distance  is  4  feet ;  and  the  same 
amount  of  work  which  would  raise  a  pound-mass  through  one  foot 
near  the  surface  of  the  earth  would,  at  a.  height  of  4000  miles, 
raise  it  4  feet ;  and  similarly,  at  a  height  of  8000  miles,  it  would 
raise  it  9  feet,  and  so  on.  Thus  at  a  very  great  distance  exceed- 
ingly long  paths  would  be  traversed  by  a  pound-mass  as  the  result 
of  doing  a  single  unit  of  work  on  it. 

It  follows  that  if  the  equi^Httuntial  surfaces  be  chosen  at  equal 
disiaTu:c4  from  ouo  auother,  the  amount  of  work  corresponding  to 
the  removal  of  a  mass  from  one  surface  to  the  next  is  in  the  inverse 
rntio  of  the  square  of  the  mean  distance  of  the  two  surfaces  from 
the  attracting  mass. 

Two  fionociitric  spherical  cquipotcntiol  niHacce  whose  potentials  arc  T 

and  Vj,  and  whose  radii  are  R  and  R+1;  \'  =  km—  ;  V.=  km  — ; 

K  R  +  I 

A  poand'RiAsB  at  a  distance  of  240,000  mJlcA  (  =  60  radii  nearly-)  from 
the  eart!i'a  centre  will   be  attmcbed  by  the  earth  with  a  force  which  bear*  to 
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tlic  atUacLiuu  ut  i\k  carlb's  Hirrwc  the  proportiun  of 


60» 


^  =  1:3600. 


Hence^  to  more  a  pound-maM  through  one  foot — that  is,  bom  on  equipol«ntiaI 
lOrfue  by  any  path  to  auy  point  on  nu  equipoUintial  Burfuce  one  foot  disUat 
^  from  it--ut  a  disUnce  of  240,000  miles,  or,  rouulily,  ut  the  liivtaoce  of  the 
moon,  would  ioTolve  the  cixponditure  of  spproxiuuit«I;  Winf  foot-poaad  of 
work. 

Free  movement  always  at  rig'fat  angles  to  Equipotential 
Surfaces. — Whatuvur  bu  Llm  iurm  of  the  equipottmUul  surface,  it 
olwayti  happens  that  a  body  placed  on  such  a  surface  aud  [tea  to 
move,  will  tend  to  move  under  the  influence  of  the  attratiling  or 
repelling  forces  in  a  direction  at  right  anglea  to  that  Burface. 
This  13  because  the  forces  of  attraction  or  repulsion  can  have  no 
component  tending  to  produce  motion  in  any  direction  along  a 
surface  of  equal  potential,  or  parallel  to  it. 

Lines  of  Force. — Thus,  if  the  equipotential  anrfaces  be  con- 
centric spheres,  as  those  of  Fig.  91,  the  body  repelled  from  0  "wiU 
travel  along  radial  lines  such  as  are  exemplified  by  the  dotted 
lines  iu  that  figure.  When  the  equipotential  surfaces  have  a 
more  complex  form,  the  lines  aloug  which  a  body  tends  to  travel 
are  more  complex,  &s  is  shown  iu  figs.  241  and  242.  Iliese 
lines,  always  at  right  angles  to  the  equipotential  surfaces  which 
they  cross,  are  called  Lines  of  Force. 

Space  in  the  neighbouriiood  of  an  attracting  or  repelling  body 
may  be  conceived  to  lio  pervatled  by  a  system  of  Lines  of  Force, 
along  which  bodies  will  move  if  free  to  do  so.  The  work  done 
on  a  particle  thus  set  in  motion  by 
any  attraction  or  repulsion  is  the 
product  of  the  mean  force  by  the 
space  traversed ;  the  latter  must 
be  measured  along  the  line  of  force 
which  is  the  body's  actual  path. 

TubeB  of  Force. — Suppose  AU  to 
be  a  porli^jo  uf  uu  cfiuipoteuLiuL  Hurfucu  : 
liliw  of  lurcc  ]HUb  throu|,'h  th<.-  ci^uipuU.'ii- 
ttal  HLirfacu :  tome  o^  thL>£c  lines  graze  thi' 
edge  of  iha  ama  A3;  thu^c  cut  off  on  areii 
A'B'  from  another  given  equipotential 
Bur&ce.  The  space  ccimpriwti  between 
th«se  equipotcntiAl  atom  and  the  murgina] 
lines  of  forte  ia  talleil  a  Tube  of  Force. 
Tbi§  (pace  may  be  HUppoaed  to  be  Cilled 
with  a  bundle  of  lines  of  force,  extending 
imm  AB  to  A'li". 

Tnb«  of  fotc»  have  thii  property,  that  so  far  aa  the  area  A'B'  cot  by  th«ia 
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from  one  cqnipotetitial  nurface  is  greater  than  the  area  AB  cut  off  fmm  another, 
BO  does  tht  intenflity  of  the  attracting  force  over  any  unit  of  area  diminiflh  ; 
M>  that  if  i  ami  *'  be  the  redpectire  areas  of  AB  and  A'B',  ami  F,  V  the  re- 
•p«ativ«  force*  per  unit  of  una.  acting  ncroai  these  cqui  potential  orcM,  th<? 
product,  force  x  nrea,  in  constant,  and  Ft  =  FV.  Thus  the  force  at  tho 
level  A'B'  is  leas  than  that  at  AB  in  invent  pcoportioa  to  the  rotative  magni- 
tude of  the  area  A'B'  cut  off  by  a  tube  of  foroe. 

Number  of  Lines  of  Force. — The  forces  at  any  two  points 
may  be  compared  by  stating  tlie  relative  numbers  of  the  liUiCs  of 
force  which  pass  through  units  of  area  of  those  equipotential  sur- 
faces which  pass  res]>ective!y  througli  each  of  the  points  compared  ; 
the  fewer  these  lines  the  less  the  Jocal  intensity  of  the  force. 
Thus  in  Fig.  91  the  lines  of  fore*  which  cross  the  outer  spheres 
are  leas  numerous  per  unit  of  area  of  the  sphere  than  those  which 
cross  the  inner  spheres,  and  the  force  there  is  correspondingly  less. 

Systems  of  Stirfaces  and  Lines. — The  space  iu  tlie  ueigh- 
bourhood  of  an  attrnctin;^  ur  repelliu;^  mass  or  system  of  masses 
may  thus  be  mapped  out  by  a  system  of  et^uipotential  surfaces 
and  lines  of  force.  The  system  may  be  so  constructed  that  (1) 
tho  work  done  in  passing  from  one  equipotential  surface  to  the 
next  is  always  the  same,  one  unit  of  work,  and  (2)  tho  lines  of 
force  are  drawu  in  just  such  numbers  that  at  a  jilace  whcro  the 
force  is  equal  to  unity,  one  line  of  force  passes  through  the  corre- 
sponding equipotential  surface  in  each  unit  of  area  of  that  surface. 
Then  the  following  advantages  are  secured : — 

(1.)  The  potential  at  any  point  in  the  field  of  space  surround- 
ing the  attracting  or  repelling  mass  or  masses  is  found  by  deter- 
mining on  which  imaginary  equipotential  surface  that  point  stands. 

(2.)  If  unit-lenyth  uf  a  line  of  force  cross  n  equipotential 
surfaces,  the  mean  force  along  that  line  along  the  course  of  that 
part  of  it  is  equal  to  n  units ;  for  the  difiereuce  of  potential  of 
tlie  two  ends  of  that  part  of  the  line  of  force  =  n;  it  is  also 
equal  to  FS,  because  it  represents  Quinerically  a  certain  amount 
of  work  ;  but  S  =  1  ;  whence  re  =  F. 

(3.)  The  force  at  any  point  of  the  field  corresponds  to  the 
extent  to  which  the  lines  of  force  are  crowded  together;  and 
thence  it  may  bo  determined  by  the  number  of  lines  of  force  which 
piLss  through  a  unit  of  area  of  the  corresponding  equipotential 
surface,  that  area  being  so  chosen  as  to  comprise  the  point  in 
question. 

Trarelling  of  Equipotential  Surfaces. — Suppose  that  by 
some  lueaiia  the  repelling  mass  iu  Fig.  9 1  were  increased,  then  tlie 
equipotential  surfaces  in  that  figui-e  would  approach  one  auothcr; 
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if  the  mass  were  dinualshed  the  surfaces  would  separate  from 
each  other.  If  the  increase  or  diminution  of  thu  mass  were  con- 
tinuous, the  «qutpoteatiaI  surfaces  woulJ  appear  to  move  continu- 
ously together  or  apart,  as  the  case  might  be. 

Again,  BUpposv  a  body  uf  such  a  length  as  to  be  able  to  extencl 
from  one  equiputtutial  surface  to  aitother,  at  a  mean  distance  K: 
let  tlie  systent  Iw,  eg.,  that  of  Fig.  91 :  there  will  bo  between  the 
two  extremities  of  the  body  «  unit  difTerencc  of  potential.  Now 
bring  this  body  nearer  to  the  repelling  mass :  let  it  rest  at  the 

mean  distance  — :  it  now  extends  across  so  many  eqaipoteutial 

surfaces  that  the  difference  of  potential  between  points  of  space 
near  its  two  ends  would  be  four  uuits.  Generally,  any  movement 
of  a  boiiy  across  the  surfaces  of  equal  jwtential  alters  tlie  relative 
difference  of  potential  between  its  two  e.\tremitie3. 

If  a  body  approacli  the  repelling  mass,  tlie  dilFerence  between 
the  i-voteutials  at  its  two  ends  thus  increases ;  the  equipotential 
surfaces  which  cross  it  betsotue  nearer  to  each  other,  and  thus 
appear  to  travel  along  the  liody  :  the  body  approaching  the  repel- 
ling moss  meets  and  cuts  more  surfaces  than  it  quits. 

Hence,  if  a  body  be  exposed  to  the  attracting  or  repelling 
influence  of  a  given  ma.<is  or  force,  or  system  of  masses  or  forces, 
an  increase  of  the  attraction  or  repulsion,  or  a  movement  of  the 
body  acted  on  towards  the  masses  attracting  or  repelling,  will 
tend  to  increase  the  difference  between  the  potentials  of  the  ex- 
tremities of  that  body ;  while  a  diminution  of  the  attraction  or 
repulsion,  or  a  withdrawal  from  it  of  the  boLly  acted  on,  will  tend 
to  dimioish  the  diflereuce  oi  the  ^tuteutials  at  the  e.\tremitLes  of 
the  body. 
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Law  of  GravitatioQ. — Every  particle  of  matter  iu  the 
Universe   ia  attracted  by   every  other  particle   with  a 

force  varyinj,'  directly  &&  the  mass  of  each  particle, 
and  iaversely  ne  the  scLuace  of  the  distance  between 
then). 

We  have  already  seen  that  the  Weight  of  a  body  is  a 
avnoiiym  for  the  Force  with  which  it  ia  attnicted  by  the  earth. 
The  law  just  euunciated  iudicatea  that  the  weight  of  a  double 
niiuss  is  twice,  that  of  a  single  mass,  and  so  on.  This  seems  a 
truism ;  but  it  is  on  experimental  result,  not  a  truism,  that  the 
wei^'ht  of  a  mans  of  lead  19  eq^nal  to  that  of  an  equal  ina^s  of 
wood.  This  miyFit  have  been  otherwise.  The  mass  of  a  given 
piece  of  wood  is  known  to  be  equal  to  that  of  a  certain  piece  of 
lead  by  thu  cx.perimeutal  fact  that  equal  foi'ces  acting  on  each  fur 
equal  tiiiies  produce  equal  velocities ;  F  =  via.  Now  a  piece  of 
iruu  and  a  piyce  of  cork  whuee  masses  are  thus  found  to  be  equal, 
will,  if  placed  in  the  aeiyhluiuboyd  of  a  magnet,  be  found  to  be 
by  no  means  aiTccted  by  equal  accelerations  towards  the  magnet; 
yet  they  are  both  e<iually  attracted  by  l!ie  cartli,  have  the  same 
weight  in  the  balance,  aud^  if  caused  to  fall  through  a  vacuum  (the 
friction  of  the  air  being  thus  removed),  oi-e  found  to  fall  with  con- 
currently equal  velocities. 

Again,  a  hcaN-y  and  a  light  mass  of  any  substance  fall  at  the 
same  rate  through  a  vacuuut.  It  was  long  believed  that  the 
heaviest  bodies  full  fnstttst ;  hut  Galileo  experimentally  disproved 
tliis.  The  attraction  of  the  earth  for  a  large  mass  is  greater  than 
for  a  small  one,  but  the  mass  to  be  moved  increases  iu  the  same 
proportion  as  the  attraction ;  and  thus  the  acceleration  produced  is 
thu  same  iu  all  cases,  and  is  independent  of  the  amount  as  well 
as  of  the  substance  of  the  falling  mass. 


ciup.  nil.] 
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Cavendish's  Experiment. — This  was  a  tlireL-L  measurement 
of  the  attrHcUou  of  massed  fur  one  anollier.  Light  balls  were 
poiseil  on  a  rod  ami  tficir  positiun  carefully  noted :  large  halls  of 
lead  were  iiarefully  brought  near  them  :  the  light  bulla  were 
attracted  by  the  heavy  maaaea  and  their  displacement  meftsured. 
Great  experimental  precautions  Tvcro  necessary,  such  na  the 
obser\-alion  of  the  position  of  the  bnlls  with  a  telescope  placed  at 
a  distance,  the  avoidance  of  draughts  of  air  and  of  vibrations,  etc.; 
the  result  showed  that  if  lead  balk  bad  been  employed  as  large  as 
the  earth,  the  attraction  of  such  halls  would  have  been  greater 
than  the  actual  attraction  of  the  earth  in  tJie  ratio  of  11*35  to 
6'67  :  hut  lead  is  11"35  times  as  heavy  as  water;  hence  the 
eailh  as  a.  whole  is  5"G7  times  as  heavy  as  an  equal  hulk  of 
water,  or  the  density  of  the  earth  is  5->67. 

IE  two  maaecs  be  rtHpectively  nt  and  m},  and  tlieir  distance  d,  tli«  attnic- 


UoQ  betwi!en  these  nuuHex   k 


d* 


f.r/=  i  —p,  where  *  ieaoonrtant   The 


eiirtlt  beiii}j;  ftpprrtximat«Iy  spheriu-il  attracU  fnlltDg  bndit*  nf  rufuw  td  oi  if  iU 
own  inii.«(,  M,  were  giilhti-i^l  logi-Lii-r  nt  llie  ceiiliv,  nhtiul  637,000,000  cm. 
Iram  the  mrfaw.  lU  tunw  M  in  6140,0(10000,000000,000000,000000 
f{nunm«t(.      A    iiLom  =  I    ({reinnie  is  utLnkcUid    by   tlie  parth   with   a   furw 

,        na^   A                i.            ,        no.         I    Mm           ,  (6-14  X    lO^')   X    1 
/=  981  dyiMa:  hence/=  981  =  i  -_    =    i  ^— — — L — ^. 

J  '  ■>  ff  (6aT,ooo,yuo>s 


&6I  X 


(687.O0Q.OOOy 
614  X  10*» 


l6,430,OtJO 


Accelerated  Motion  under  Gravity. — A  body  free  to  fall  in 
rftcito  woiibt  be  aul.iject  lu  f.'(.inistant  necelei-ntion  of  about  981  cm. 
ot  32*2  feet — that  is,  of  ;/  units  o£  lengtb^ — per  second,  and  its 
moToment  would  be  described  by  the  three  formnhe  of  page  146; 
the  4-  sijtn  being  used  when  the  attraction  of  gravity  acts  in  the 
same  sense  as  the  original  velocity  Y ;  the  —  sign  when  it  acts 
in  an  opposite  senee. 

Wlien  bo<lies  fall  through  the  air  there  is  friction  between 
the  air  and  the  falling  body.  This  is  fuund  to  vary  as  th«  nidiiis 
of  the  sphero  if  the  falling  body  be  a  vnry  small  sphere ;  and 
generally  it  increases  with,  but  is  not  proportionate  to,  the  surface 
exposed.  Thus  a  fnather  wliich  prG-gentB  much  surface  falls  more 
slowly  than  a  similar  feather  rolled  into  a  liiiU. 

Path  of  a  Projectile. — We  have  already  seen  that  combina- 
tion of  a  uniform  rectilinear  movement  wilh  an  accelerated  move- 
ment not  in  the  same  direction  results  in  movement  in  a  parabob'c 
path.     This  is  the  theoretical  course  of  a  bullet  dying  in  vacuo^ 
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but  tbe  actual  course  of  a  sh^ll  or  buUut  in  tlie  air  dilfera  widely' 
I'rom  this  on  accouut  of  friction,  it^  path  bciii;;  nt  fifst  sooiewbot 
straight  and  t^ndiug  with  a  somewhat  sudden  and  i-apid  fall. 

ir  a  allot  were  fired  horiiontAlly  in  vavuo  ot  Midi  n  mt«  V,  «l»init  S6,077 
feet  per  flecoud,  that  g,  Uio  attmctiun  dywnwarJs,  =  32'2  ft.  J5»cr  second, 

would  bo  — ,  r  being  the  distance  of  the  earth's  ceuttv  from  the  bullet's  path, 

tb«  hIiuI  would  never  fall  Ui  Ltie  grouod,  hut  would  travel  round  the  earth  at 
tbe  level  nf  Vtie  ijiiii'ii  [iioiiUi. 

Any  cihjvct  tnivt;lliiig  piuit  the  earth  with  a  vtdiKiity  V  such  that  at  the 

distance  r  the  iLcct>I>*niti»D  du«  t»  K'^^ity  y  =  — ,  will  travel  ruuml  tlir  i«rth 

and  not  ceaeu  to  du  itr) ;  one  travidli&g  At  a  gi^^itii-r  velocity  uill  ])aM  the 
earth,  heing  dvHeelfd  hy  it  fmrn  its  pulh  ;  utii;  trAvtUinu  flt  a.  Ie«  vctwity 
will  fall  ID  towaiilH  the  earth  till  r  diminishes  so  far  Uint  V  Wcomes  =  rg, 
Tim  surface  of  the  eiirth  uiay  he  ranched  before  this  limit  is  fittuiiiei]  ;  if  no^i 
till!  huJv  would,  ill  vamo,  trav«l  round  tbe  earth  at  a  distance  r  from  tbe 

Y- 

WJitre  aiich  tlmt  r  =   --. 


Universal  Gravitation. — ^Thi;  fact  of  terrestrial  gravitation 
and  ninny  of  its  laws  woro  wi-ll  known  before  Newton's  time ;  be 
stated  the  law  of  gravitation  as  a  universal  one  :  "  Gravitatcm  in 
corpom  univfi-sa  fieri,"  etc. — Prindpvf,  Bk.  HI.  I'lop.  viL  and 
Uowl.  '2. 

The  moon  ni«kd«n  rrvohititm  round  th«  earth  in  alwut  2,3(10,000  seconds 
in  an  orbit  wh«»  mean  niil)u»  is  d9'96-il  times  the  earth's  tiqitatoriul  radius. 

Tlie  fonuulii  n  =  —  shows  that  this  Lorrespouds  to  an  actual  fult  of  the  moon 


towards  th«  eartli  of 


1 


foot  per  second  :   this,  compounded  with   the 

tati^i^ntift]   velocity  at  every  itiMant,  keep*  tb«  monn  in  its  nrhit.      This 

accclumtif'Ti,  due  to  the  attraction  of  the  earth,  is .  of  SS-a  ft.  ;  tbui 

the  moon  w  under  the  influence  of  tcrrtelria]  attractinn  which  ohcjii  the  law 

that  /   K  -— .     Newton  nmde  ^tntlar  deductions  from  otbei  aFtronomieal 

phenumvuu,  particularly  thun;  of  the  satellites  of  Jupiter,  and  ulliniately 
nieerted  llm  uuivcivality  of  the  law  »f  gravitation. 

Till!  moon  AttinctA  the  wati-r  of  the  sea^  and  thus  produces  a  lunar  tide 
on  thfl  side  of  thp  I'nrlh  niyir^-Pt  it  ;  it  aWi  pnlls  the  rnrth  away  from  the  wnlr^r 
on  ttie  further  ."id*',  iind  produci:?^  a  Iiuiur  tide  on  the  further  side.  Tbe  mn 
produn-fi  siuiilar  tide*  |  m  &v6,%.  These  two  seta  of  tides  may  oonciu-  or 
partly  courik-nct  nno  nnoth<T. 

Variations  of  the  acceleration  of  gravity  on  the  earth's 
surface. — At  the  equator  tlie  acceleration  of  gravity  is  at  the 
sea-level  978'1028  cin.  per  second:   at  the  pole  it  would  be 
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9S3'1084  if  the  law  of  vanation  in  accessible  i-egions  of  the 
earth's  surface  were  obeyed  there.  ITiis  law  is,  that  at  any  place 
whose  latitude  is  X,  the  acceleration  of  gravity  is  (980'6056  — 
2-5028  cos  2X  —  OOOOO^/t),  where  h  is  the  height  of  the  observing 
station  measured  in  oontimetres.  This  diminution  of  gravity — 
eqiial  masses  weighing  leas,  and  thei-eforc  distorting  spring-balances 
less,  in  regions  nearer  the  criimtor — is  duo  to  two  concun-ent 
causes  :  (1)  Tliat  the  mean  equatorial  radius  is  greater  ttian  the 
polar ;  the  prilfir  radius  is  fiS.'i, 030,000  em. ;  tln^  longest  eriuatorial 
radius  (from  lat,  14°- 23' E.  to  lat.  165°  37' W.)  is  637.839,000 
cm. ;  the  sliortest  equatorial  nwlius,  at  right  angles  to  the  former, 
is  637.792,000  cm.  (2)  Tim  rotation  of  the  earllL  If 
the  earth  came  to  rest,  the  acceloraltou  of  gmvity  would  be 

iacreased  by  -— -  or  3"3fl08  cm.  per  second,  and  the  weight  of 

bodies  would  l>e  lucreased  in  the  ratio  of  288  to  289.  If  the 
earth  rotated  17  {=\/28Q)  times  as  fast  as  it  does,  loose  objects 
would,  at  the  equator,  fly  off  its  surface. 

The  accelpration  dtie  lo  gmxity  in  in  Paris  880-04^  at  Oreenwich  98ri7, 

at  Muiiicliir:iil«r  i>81'30,  M  K(liii!jiirg1i  9^154  (-in.  \n:t  iicoiiil. 

Tl:ii:  rclucity  t>(  roUiUuu  at  the  <»iuator  ia  456,010  liu.  ucc  second  :  whence 

V- 

—  »  3-3908. 

r 

Local  VaJTlat ions. — In  tlie  tiei^li!x>iirIigoiI  oFh  liii^U  mngi- of  monntfiins 
II  [iluiulf-lim^  iiicliimM  U)wai<]N  tlii.*  mi^nintjtiiut.  The  ebb  lunl  flow  of  water 
iu  IIk-  Firth  i.>f  Fvrtii  olft,-!:!*  lh«  apijarciit  lutitudu  of  Edlriburx''  ^'i'  whoitt 
XTfOP  '^i-Ki-^p.  f'jr  M-htrn  tlio  wnlt't  i§  at  hit{h  tide,  pUuuMiue«  aw  incHiieil 
toiraids  it,  a3id  the  iDccturr  used  us  a  means  of  prodiicin^'  pvrreclly  level 
mirrors  is,  in  the  vessels  coDtoining  it,  heaped  up  towards  the  mass  of  sea- 
vater. 

At  «ea  the  effect  o!  gravity  Is  leM  than  Et  i»  on  land,  becaase  the  mass 
of  wnt«r  under  the  cpring-balnncc  is  liglitt^r  than  a  corrL^iKindiHg  untviint  of 
loclc  would  liflvc  hecn.  The  depth  of  the  sea  may  be  detenuincil  hy  a 
graduated  iiiBtniincnt  of  the  nature  of  n  spring-balance  sufficiently  «cn«itivQ 
to  tafcf,  accoijTit  o.f  these  varialiftti*. 

Measurement  of  the  Local  Force  of  Gravity. — The  force 
of  granty  must,  liko  all  other  fcirces.  l>e  inoa&ured  by  its  effectg. 
This  may  be  done  directly  by  Attwood's  machine,  abendy  de- 
scribed. Observation  of  a  single  full  ciiuuut,  however,  give 
accurate  resulta,  and  the  value  of  ^  is  best  determined  by  the 
oscillations  of  a  pendulttm. 

There  are  at  the  basis  of  this  determination  four  main  facts : 
( 1 )  that  a  pendulum  of  a  given  length  vrill  oscillate  through  small 
arc3  in  equal  times,  of  whatever  substance  it  be  made — this  last 
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experimental  result  being  due  to  Newton ;  (2)  that  the  relation 
between  I  the  length  of  a  pcnirluluni,  t  ita  time  ol'  oscillation,  luid 
g  the  local  acceleration  of  jrravittitioii,  is  given  hy  the  fonnuln 

_    4w'i 

presently  to  be  proved  ;  (3j  that  the  length  i  of  a  simple  pendulum 
amy  he  very  iiccurately  observed,  for  in  pniutice  it  is  et|^uul  to  the 
distance  between  two  points  on  a  solid  rod,  called  a  co]ii{)uund 
pendulum ;  and  (4)  tliat  the  time  of  one  oscillation  may  he  very 
accuratiily  observed  by  counting  the  number  of  oscillationB  in  a 
suf!iciently  long  period  of  time.  Hence  3  can  be  found  to  any 
nicety. 

Centre  of  Grayity. — The  earth  in  ftpj^roximafcely  spheric 
and  bodio.^  on  the  surface  have  all  their  partiidea  drawn  approii-' 
tnately  tnwards  its  centre.  But  the  centre  is  ao  distant  that, 
within  the  limits  of  ordinary  ten-eatrial  objects,  the  gravitation 
forces  acting  on  the  several  particles  of  a  body  are  nearly  parallel 
to  one  another,  and  their  resultant  acts  on  the  Centre  of  Figure. 
Tliis  centre  is  called  the  Centre  of  Gravity  of  a  body  attracted  by 
the  earth. 

The  centre  of  gra^dty  of  any  plane  figure  may  be  found  by 
cutting  that  figure  out  in  cardlinard,  and  suspending  the  can!  first 
from  any  one  point  and  then  from  any  other.  A  line  drau'ii 
vertically  downwards  from  the  lii-st  jHiint  of  suspension  when  the 
body  is  stisjieuded  from  it,  and  another  drawn  in  the  same  way 
from  tlie  second  point  of  suspension,  will  cross  one  another  at  the 
centre  of  gravity. 

Whatever  t«  the  form  or  the  arrangement  of  matter  in  a 
body,  if  it  be  suspended  from  any  point  arbitrarily  chosen,  the 
centre  of  gravity  is  in  a  line  vertically  dniwn  through  the  point 
of  suspension- — vertically  here  meaning  at  right  angles  to  the  free 
horizontal  surface  of  liquid  at  that  place.  If  the  centre  of  granty 
be  found  by  two  snsjwnsions,  the  vertical  lines  drawn  fnjm  any 
other  points  of  suspension  will  all  pass  through  the  same  centre. 


TlgM. 


Centre  of  Gravity  of  Two  Masses. — to  Fig.  D3  tlic  two  todies, 
A  fLiiil  B,  wliuft!  iiiii»!'t-s  iirt'  m  ami  n^,  will  luLve 
t.hwr  ci-iitrv   of   griivity  lit  h.  point   C,  Tihicli   i« 
— 3*  deteruiiccil  l>y  Ibe  I'ljuutiou  m  x  AC  =  m_  x  EC. 
*  °  The   whole   iimse    vi  +  ivt_  maj",  as  regarJs  other 

bodiPS,  Iw  cnnsiilort''!  fw  il"  it  weiv  iijjgrcjiateJ  at  itii;  point  C. 

Centre  of  Oravlty  of  a  System  of  Masses. — Tide  is  found  by 
taking  account  of  ench  teriatim,     fn  Fi);.  D4  h-t  tbit  budiif«  be  A,  B,  C,  D,  E, 
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wliow  respective  ma-ist^  are  m,,  ni„,  wi,,^  M^„,,  and  i»v     Firat  rfie  centre 

of  gravity  of  any  two,  aay  A  anA  I>,  id  found  at  O  ;  A  ftnd  I)  tat  aiipprxwil 

lo  be  n-plwi'fl  by  n  nwuw  m,  +  iji„„  nt  O.      Nexi  the 

ceiitrv  uf  ),'r»vity  l«.'tww]i  aiiotlii:r  iif  llu-  iiiiuun'k,  mj 

E,  and  tlie  iiHaKiiiarj-  niu»s  "I'^  +  m,^,  tit  O  i«  fouitii 

to  Ije  nt  0,  ;   fit   this   point  0^  thorc  in  BiiiT|)iiMftl 

to  be  placed  a  body  whose  uioas   ia  '",  +  ^,,^,  +  "1^ 

[q  the  tame  way,  the  centre  between  thie  imauinary 

tnus  aud  another,  »e.y  m„  at  B,  may  be  found  at  0^,. 

Finally  thv  cuntm  bclweuii  Ehi^  ami  the  rnus  tn^,  is 

founil  at  0,„,  Olid  ihU  in  the  butt  operalioii,  for,  as 

rcg^rdn  external  msBaea,  the  Byatt'iii,  ABCDE,  aet«  iw 

if  it  were  a  in«M  (m,  +  m„  +  TB,„+ m,„,  +  mj  concL'nlraltid  ut  thi-  pmnl  0„, ; 

this  point  ia  therefore  the  centre  of  p-avily  of  the  syelem.     The  aaioe  point 

will  be  found  whatever  the  nrder  in  which  the  masBca  are  considered. 

OvertiimiaGf  a  body. — I-et  ABCD  be  a  block  of  materinl 

supporttj'.l  vn  a  baae  CU.     How  great 

a  force  applied  at  E,  in  the  directiou 

EF,    is    necessarj'    to    overturn    the 

block  ?     The  question   ia  really  one 

of  naomenta  round  C,  for  if  the  force 

along  F.V  prevail  over  tho  wpi^^ht  of 

the  block,  it  will  do  so  by  turning 

it  0%'er  the  point  C.    From  thnt  point 

C,  CG  is  the  shortest  line  drawn  to 

meet  the  line  EF,  and  CH  h  the  shortest  distance  to  the  line 

MH,  alnnji  whieli  the  force  of  gra%Hty  may  be  considered  to  act. 

At  the  instant  when  overturning  is  j.\i9t  going  to  commence,  tho 

moments  round  G  niust  l)e  equal,  and  CG  x  force  along  KF  — 

CH  X  vrt.  of  body.     Therefore,  if  the  force  along  EF  be  greater 

CH 
than  jrr  X  weight  of  body,  the  body  will  be  overturned.      The 

greater  CH  is,  the  gre^iter  must  be  the  force  exerted  along  EF  in 
order  to  overturn  the  body;  the  smaller  CH  is,  the  less  need  that 
force  be.  When  CH  —  0 — i.c.,  when  the  centre  of  gravity  M  is 
vertically  above  C — any  force,  however  small,  will  upset  the  block 
ABCD ;  while,  if  H  be  on  the  other  side  of  C,  the  block  cannot 
stand  nuleas  propjied  \ip.  In  this  way  a  Iwdy  rcstinij;  on  a  wide 
Ifflsc  ia  less  easily  upsi*t  than  ono  stjintliug  on  a  naiTow;  one  in 
which  a  vertical  lino  dra^m  from  the  centre  of  gi-avity  falls  out- 
side the  ha-iw  nf  snppnrt  cannot  stand  un3Upported  ;  while  one  in 
whicli  the  centre  nf  j^'mWty  stands  over  the  very  edge  of  the  base 
■  of  support  is  upset  by  the  least  disturbance. 

H         A  microacope,  then,  ought  for  the  anke  of  iitoAdino.v<  to  have  a  wide  hose ; 
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and  nnoe  a  triporl  ftontl  U  th«  iiioet  etead}'  form  of  iiupport,  for  reasons  aiivady 

fliitt'l,  itriMDiiriii-  <r  -1il  >'1ji<)«  fhould  he  siipjiorttid  on  bmiul  tjipnd  ntmn^s. 
All  I'M  luMii  II  ill-  ;.  , ;  .1!  \v]ilwi«  his  bfl«8  (if  support  liy  \'irtuftUy  »>uvi>i-tii)g 
his  two  IcgK  imd  tlit:  stuff  into  a  broaii  tripod  stand. 

It  amounts  to  the  same  tiling  whether  the  base  of  an  object 
be  relatively  broad  or  its  ceutie  vt'  yravity  bu  rtktively  low.  If 
llie  Centre  of  gravity  be  relatively  high  or  the  basa  rulalively 
narrow, — as  in  the  case  of  young  animals  learning  to  walk,  chil- 
dren learning  to  walk,  persona  learning  to  move  on  skates,  or  ou 
stilts,  or  on  a  narrow  roil,  or  rope,  or  wire,  or  n  bicycle,  or  a  jicr- 
son  standing  on  one  foot  or  on  liis  heels, — a  relatively  suiall  dis- 
placement of  the  object  will  readily  cause  the  centre  of  gravity  to 
be  placed  vertically  over  a  point  bcyoiul  the  liase  of  support ; 
then  the  object,  if  it  he  not  propped  up,  or  if  the  centre  f*f  gravity 
"he  not  bromght  over  the  base  of  support,  or  the  base  of  support 
brought  up  under  it,  will  topple  over. 

If,  on  the  other  baud,  the  base  be  relatively  wide,  or  the 
c-entre  of  gravity  be  relatively  low,  as  in  the  case  of  a  lanipstand 
loaded  at  it-s  base,  the  task  of  iipsetting  such  an  object  is  greater, 
since  the  centre  of  gra%ity  is  in  such  a  case  less  easil}'  induced 
to  pass  to  a  position  vertically  beyond  the  base. 

Curious  positions  may  he  assumed  by  objects  when  they  are 
so  balanced  that  the  centre  of  gravity  in  vcrtieally  over  some  point 
in  the  basis  of  supimrt.  A  man's  eetitre  of  gravity  is  at  n  point 
about  the  front  of  bis  last  lumlmr  vertebra.  If  he  carry  a  burden, 
in  order  to  bring  the  centre  of  gravity  of  his  Itody  and  the  load 
jointly  over  the  narrow  basis  of  support  furnished  by  his  feet 
(heels,  and  balls  of  great  toes,  and  lines  joining  these),  he  must 
stoop;  if  the  burden  he  towards  the  front  of  the  body,,  aa  in  the 
case  of  obese  persons,  the  gait  l>ecoine8  very  erect. 

"When  a  body  is  suspended  from  a  point  in  its  upper  part,  its 
centre  o£  gravity  swings  down  ioto  the  lowest  position  possible. 

Work  done  in  overturning'  a  body. — If  there  be  rotation 
round  the  point  C  of  I'ig.  ^j,  so  far  that  M,  the  centre  of  gravity 
of  the  body,  comes  to  be  inuuediatcly  over  that  point,  and  over- 
turning is  effected,  the  centre  of  gravity  is  raised  tbiough  a  cer- 
tain height  A,  Tlie  weight  of  tliu  body,  7/(_jf,  x  that  height.  A,  is 
the  work  which  must  be  done  before  overturning  can  lie  accom- 
plished. 

Anglo  of  Overturning'. — If  the  force  applied  at  K  in  Fig.  65  b« 
uppliiil  in  A  direction  1,0*1  nenrty  parftllel  to  BD,  ita  ninment  may  be  loo 
suiaII  (it*  arm  CO  bcin);  too  diort)  to  produce  OTortnmiTig.     At  a  certain 
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definite  angle,  BEK,  there  will  be  etjiiilibrinm,  the  arm  CG  being  of  ex«oUy 
each  length  as  w-ill  ranJce  the  moment  of  EP  etiual  to  that  of  the  weight  of 
the  hotly.  If,  then,  tliis  tui^lv  BEK  hu  Ivet  than  9,  the  angle  of  cepiwe,  ihe 
Uniy  will  ovvrtuiti  hi-tota  elidiinf ;  if  BEK  he  gtrotur  thim  fl,  lUe  btnly  will 
slide  btfont  uvvriuiiiiii^'. 

Equilibrium,  Stable.  Unstable,  and  Neutral — If  the-  centre 

of  gravity  In:  ^o  situ;U««l  in  a  lindy  that  wnrl:  has  to  be  done  in 
distiirliing  it — that  is  to  sny,  if  the  centre  of  gravity  be  already 
at  the  lowest  possiUe  position — the  eqiulilirium  is  stable.  If 
a  ball  lie  in  a  bowl,  woi-k  must  be  done  in  order  to  eftect  any 
displacement  of  it,  for  ao  displacement  can  be  effected  witbout 
raising  the  cc-otro  of  giavity  of  the  ball,  and  thus  imparting 
potential  enerjty  to  it.  WhtiU  the  ball  is  let  go,  it  rolls  back 
and  oscillates  in  the  bowl  till  it  comes  to  rest  Tbe  same  thing 
is  seen  in  a  awing,  a  cradle,  a  rockiiiji;-liorso,  a  pt-ndidum,  or  a 
ship  well  ballasted,  which  are  all  in  Stable  EfiuiUlrium;  in 
the  last  case  the  oeciJIations  somewhat  resemble  those  of  a  pend- 
uliun  whose  point  of  suspension  and  whose  length  both  vary. 

If  a  body  have  its  centre  of  gravity  [ilaecd  above  its  point  of 
support,  so  that  any  displacement  lowers  its  centre  of  gravity, 
then  tho  body  already  has  potential  energy,  which  it  is  disposed 
to  convert  into  kinetic  by  the  fall  of  its  eeutro  of  graWty  to  tbe 
lowest  possible  point.  Hence  iu  bixlies  Uius  iu  Unstable 
Equilibrium,  a  very  slight  disturbance  may  eause  a  very  great 
displacemont,  disproportionate  to  the  disturbance,  but  depending 
on  tbe  potential  energy  stored  in  the  system.  In  this  case  are 
boats  in  which  people  .stand,  high  chairs  in  which  cliikiren  are 
seated,  cars  wliich  are  heavily  loaded  atop,  deck-loaded  ships,  and, 
in  short,  everything  which  is  "  tophcaivy." 

When  no  work  in  done  upon  or  by  an  object,  as  far  aa  the 
nttractin,:;  forces  are  concerned,  when  it  is  displaced,  the  equi- 
librium is  neutral.  A  uniform  sphere  may  be  displaced  and 
assume  a  new  position  without  either  raising  or  dcpre.saing  its 
centre  of  gravity. 

A  sphere  floating  in  water  is  in  neutral  equilibrium ;  a  plank 
floating  in  the  usual  way  is  in  stable,  while  a  plank  floating  with 
its  edge.**  vertical  is  in  unstable  equilibrium. 

Simple  Pendulum.^ — This  is  an  ideal  It  is  a  heavy  part- 
icle suspended  by  a  weightless  cord.  An  approximation  to  a 
simple  pendulum  is  obtained  by  suspending  a  small  bullet  by  a 
very  thin  wire.  Tlie  length  of  thia  pendulum  i.s  the  distance 
between  the  point  of  suspension  and  the  centre  of  the  bullet 
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If  in  Fig.  9fi  a  simple  pemlultiiii  of  length  /=:AC  he  repre- 
oonted  as  displaced  from  the  vertiual  position  tbrungh  the  auglc 
6,  vt  being  the  nuiaa  of  the  bol),  and  mg  ouiise- 
TigM.    qiiently   its  weight,  when  the   bob  is   at  C,  the 
force  of  gravity  may  bo  reaolved  into  two  com- 
ponents :  one  =  mff  sm  0  in  the  direction  of  the 
'"y       tangent   at  C,  and    tending    to    bring    the    bob 
^  towards   the  middle   line  with  acceleration  =  g 
**  sin   tf ;    and    a    radial    ooniponeut  =  mg  cos   0, 
which   renders  the  001x1  tense.      The  displace- 
*  j  ^      ment  of  tiie  bob,  the  distance  between  B  and 

•^  C  measured  along  the  arc,  is  equal  to  10. 
Now,  as  loDg  as  0  is  small,  sonic  2°  or  'i"  at  most,  Bin  G  and 
the  angle  8  arc  nearly  et^ual,  and  the  tangential  ae.<;elei-atii>D 
=  ff  sin  9  bears  to  the  displacement  !ff  an  nlmoBt  constant  ratio. 

But  we  know  that  when  a  body 


ff  sm0  g 

for   — T^  =  (approximately) 


after  displacement  is  subject  to  a  force  tending  to  biing  it  back, 
which  produces  bu  acceleration  proportional  Ut  the  displacement, 
the  result  is  a  H.H.M. ;  and  thus  a  pendulum  very  slightly  dis- 
placed oscillates  in  S.Il.M. 


lr> 


In  S.H.M.  the  aiiijulap  vclocily  ui  in  the  circle  of  reference  i*  oqnal 

yacceLenitio&  at  any  point  of  tlj«  S.H,M. 
(U)tpliic«inent  at  that   i>oiut. 

the  angutiir  puth  truTereofl  in  time  T 


But  a>  = 


and  ii    tliu   time   be  &o 


titueT 

choHeti  tliHt  in  it  Ihw  body  describing  tins  S.H.M.  wonltl  perrorua  exactly  cme 
rsvolatiuu  in  the  circle  or  refcrence^ — that  is,  if  T  hi  thi?  pmud  yf  tm«  coupletc 
ovcfUatioQ  back  enc!  fore,  or  nffiwj-sica.ru}  oi  the  pendulum — 

2r 


Whence  T  =  27r 


/  -  and  J  =  .^^ . 


V  V 


Xi 


The  time  taken  by  a  simple  pendulum  to  effect  one  complete 
oacilLatinn — one  "  stetng'fttcang  "• — depends  on  the  squnre  root  of  its 
length,  and  varies  inversely  as  tlie  square  root  of  the  local  accelera- 
tion of  gravity.  Thus  a  clock  will  go  slower  at  the  equator  than 
in  polar  regions ;  a  clock  will  go  slower  when  its  pendulum  has 
been  lengthened  by  heat :  a  clock  with  a  ten-inch  pendulum  will 
tick  twice  as  often  as  one  with  a  forty-inch  pendulum. 
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We  see  from  the  eqtietiou  g  =  ~^  I  tliat  of  those  ])ondaluni8 

which  oseillat-e  nt  equiil  Tfitcs  in  different  places,  the  iengtlis  are 
proportional  to  the  locnl  force  of  gravity*. 

The  leg  also  acts  partly  as  a  pendidum,  and  in  natural  loco- 
motion a  person  with  short  legs  has  a  tendency  to  take  shorter 
and  quicker  steps  than  a  peraou  with  laiimrr  lijiiljs. 

Isochronous   Oscillations   of  a   Simple  Pendulum. — The 

equation  (  =  2w^_ 


shows  that  as  long  aa  ^^-— —  may  be  con- 


g  ~  W 

sidered  to  lie  etjual  to  -, — that  is,  as  long  as  the  angle  0  is  uot  too 

t 

wide, — the  period  of  oscillation  does  not  depend  on  the  araplilude 
of  oscillation,  and  thus  within  certain  limits  a  pendulum  swiu;js 
iu  equal  periods  through  a>m])aratively  large  or  comparatively 
small  arcs. 

Length    of    the    Ideal    Simple    Second -Pendulum. — The 
seconds   pendulum  pertbrms  one  "complete  oscillation"  in  two 

scconda     The  equation  g  =  -—-■ ,  when  T  ^  2  sec,  gives  ?  =  -  = 

3-2G1G083  feet  or  30-1393  inches  at  the  latitude  of  Ixindon,  at 
sea-level,  and  wheu  tlie  barometer  and  tbermometer  are  at 
standard  heights  (SO  inches  of  mercury,  60°  F.) 

Work  dona  iti  moving  a  Simple  Pendulum. — In  Fiy,  85  isupiwee 
tlm  \>vh  U>  hv  dispUiCfd  from  C  lo  D ;  iln  angular  ilisitlawmcut  C  iB  increaeeiX 
to  0 .  "Wheii  at  0  its  reitical  hwiylit  aitow  B  is  Er— that  is,  AB  -  Ac,  or 
J -('cob  e.     When  at  D  ^^^^^ 


its  vertical  height  iil>rji-e 
E  is  I  -  I  cw  f^,  ;  and  ii^ 
vertical  heii.'ht  above  C  h 

,Cos  B^     When  tlie   lii>I>, 

;  Whote   weiyht    i*    m;y,    tit 

mmd  rniiTi  C  U)  D,  tliu 

iroi'k  (tone  iii;aiii«t  gmvitr 

itvigxl  [cob  9 -cm  0\. 

Simple  Harmonic 
Motions  experiment- 
ally performed.- — A 
simple  pendulum  iip- 


proximately  descrihcs  ' — '— -■■■'■- ■—    '• ' 

a  S.HJH.     A  pendulum  whose  bob  consists  of  a  flask  cfMiMin- 
ing  coloured  fluid  or  ink,  which  pours  from  a  nanow  orifice 
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83  the  flask  oscillfites,  will  record  the  path  of  the  pendolum. 
A  quantity  of  sand  may  he  nstd  instead  of  ink.  The  apparatus 
she\ni  in  Fj^'.  97  {Ulackhurn's  pendulum)  may  be  used  for  the 
description  of  the  compounded  H.M.'9  exemplified  in  Figs.  35-40. 
If  the  "bob,  whose  path  is  recorded  by  sand,  be  displaced  in  a  line 
making  au  angle  of  45°  with  the  Uue  of  the  cross-bar,  there  will 
bo  two  simultaueoub  and  indwpeudtut  yscillatioiis  set  up  when  it 
is  liberated :  unu  tixnu.  tim  crossbar  and  at  right  attj^les  to  it ;  one 
from  the  puint  I*  and  at  right  angles  to  the  uther  osuillatiou.  By 
adjusting  the  relative  lengths  of  the  effective  long  and  &\v>rl  pen- 
dulum, by  means  of  a  peg  A,  round  which  a  certain  fj^uanUty  of 
coit!  is  wonnd,  or  by  shifting  a  ring  at  P,  an  indetinite  variety  of 
sucli  figures  may  lie  produced. 

Oomponnd  Pendulum. — L«t  n  bodj  of  any  riittiie  lie  poi«(l  on  &  point 

or  nxi«   of  iiit»peti»ion,  aji 

from    tte   iwint   A,  or  ftu 

axis    pftuioK    tlirowRli    tha 

point  A  in  Fig,  78  or  Fij;. 

Fir.Bi.  iJ8  ;  let  Uic  radius  of  rjth- 

Uon  of  tbu  body  witli  ivepect 

to  ihis  [xjiul  A  lic  A ;  aiLil  h 

the  distunco  of  llie  ct-ntru  of 

j4  gravity  B  lielow  A.    If  two 

//    iMWitions  lie  t«k(-n,  n»  in  Fig. 

//S    98,  reapcctively  ciirrestiornl- 

/if'-    ing  to  (liBjjWcmciils  tlirough 

/     /         angles  6  and  6 ,  llie  vertical 

i liintiuitTM  l>etween  the  centre 

uf  Ki'ftvity  «"''  t'"J  point  rif 
susptmeiou  an;  ri-sEfClivrjly 
h  cos  $  nud  h  cos  y,.  The 
wort  don  e  by  th  e  body 
diiriiif;  ft  movc'-Tnent  from 
iim  hiKlJCT  jKieition  to  the 
lower  it  mtj  X  (h  cot  9 ~h  COB  &)  =  nwrfc  (cob  9-cos  0)  =  (by  pjtw  144) 

.-.  U«  =  ^(C03  e-coBtf.)     (I.) 

The  work  done  by  the  bob  of  a  simpk  pcnduliuu  duriny  a  Bimilar  dis- 
placement IB  ragt  (CO*  ^  -  cos  9).     Iii  this  fall  it  aciinipea  angular  velociq-  u  , 

Rwl  energy  =  ilui,"  ~  -—  w'-*.     The  kiaetie  energj*  ncrj^nired  is  equal  to  the 

pot«iittut  «ii«^  lost,  wlicncQ — 


w/^  =»  mgl  (cos  6  -  coa  &), 

u>,"=^(cmtf,-cofl9>     (2.) 
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If  the  simple  pendulum  were  of  euch  a  length  as  to  oscillate  at  the  B&me 
rate  as  the  compound  one — that  in,  if  w,  the  angular  velocity  of  the  one  =  u,, 
that  of  the  other,  we  find  from  (1)  and  (2)  that — 

2|^  (cos  e  -  coa  e,)  =  ^  (cos  e  -  C08  6). 

1-2 

■■•'  =  T- 

Hence  the  compound  pendulum  oecillatcs  at  the  same  rate  as  a  theoretical 
simple  pendulum  of  length  — . 

A 

If  a  body  of  any  fonn  be  suspended  at  a  certain  point  and  be 
found  to  oscillate  at  a  certain  rate ;  if  another  point  in  the  body 
be  found  after  trial  at  which  the  body  being  suspended  will 
oscillate  at  the  same  rate, — then  the  distance  between  these  inter- 
changeable points  of  suspension  is  the  true  length  of  the  ideal 
simple  pendulum  oscillating  at  the  observed  rate. 


CHAPTER   IX. 


siArrER. 

The  eesentifil  nature  of  mat.t4!r — it-s  siitmitratiiin — is  luikiiown  to 
us ;  we  only  know  matter  liy  those  of  its  properties  which  wc 
perceive  by  our  senses.  These  properties  are  subject  to  our 
direct  observation  and  to  our  study,  and  from  theiu  we  may  infer 
as  to  the  coustitutiou  uf  matter  much  wliieh  we  ciiimot  directly 
perceive. 

Thk  Piioi'ERxrEs  OF  Matter. 


leral, 


that  if 


Some  of  these  properties  of  matter  are 
they  were  other  thau  they  actually  are,  the  nature  of  our  universe 
would  bo  totally  different ;  and  tlius,  in  relation  to  the  matter  of 
the  existent  universe,  tliese  properties  are  witli  suiliciBnt  appro- 
priateness said  to  be  essential  For  instance,  all  exiwrience 
leads  113  to  say  that  matter  must  necessarily  exist  in  definite  or 
measurable  cjuantity ;  and,  since  quantity  of  matter  is  expressed 
briefly  by  the  word  Mass,  we  say  that  every  body  must  have  a 
definite  maM,  for  it  is  to  us,  with  our  ranf,'0  of  ideas,  impossible 
to  conceive  of  a  definite  body  having  n  physical  existence,  but 
consisting  of  an  indefinite  quantity  of  matter.  There  are  many 
bodies  of  which  we  do  not  definitely  know  the  mass,  but  everj- 
body  must  have  some  definite  mafia,  great  or  small.  If  the  mass 
of  a  body  be  great,  the  body  is  said  to  l>e  massire ;  if  its  moss 
be  small,  it  is  usually  said  to  be  light,  though  Uiat  adjective  ia 
properly  antithetical  to  heavy,  a  perfectly  distinct  idpa.  A 
massive  gate  is  difhcult  to  move,  not  because  it  is  heavy,  for 
gravity  dues  not  affect  llie  bnnwntal  swiny  of  a  gate  on  ita 
hinges,  except  indeed  by  allecling  the  frictiun  at  tlie  hinges;  it  ie 
ditUciUt  to  move  because  its  mass  m  is  great,  and  siuce/^  ina> 
to  produce  a  given  acceleration  a,  if  the  mass  nt  be  large,  the 
force  applied  must  be  great,  and  would  in  theory  be  equally  con- 
siderable were  the  gate  and  its  hinges  removed  to  a  region  where 
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the  effect  of  gravity  vaniahetl,  aud  the  gate  had  therefore  not  even 
n  ftaiher's  weif^ht. 

As  reganU  quality  of  matter,  experience  shows  ua  that  every 
substance  with  whicli  wc  are  acquainted  is  made  up  of  i>ne  or 
other  or  more  or  fewer  of  about  si-vi'iily  cllfleiviit  kimls  of  matter. 
These  kinds  of  mntter  are  called  elements.  They  are  considered 
t«  be  distinct  kinds  of  matter,  and  are  called  separate  elemento 
simply  as  a  confession  of  our  relative  oxperimentftl  im]iotence,  and 
of  our  complete  failure  up  to  this  time  to  breiik  up  any  one  of 
them  into  simpler  substances,  or  to  build  any  one  up  'Uy  any 
ithetic  process.  A  piece  of  brnas  may  be  by  analytic  pro- 
%teses  resolved  into  its  component  copper  and  zinc,  and  when 
copper  aud  zinc  are  fused  together  in  proper  proportions,  brass  of 
a  similar  (juality  may  be  luade  ;  but  no  oue  has  bnjkeu  up  either 
zinc  or  copper  into  any  simpler  componeuls,  neither  liave  these 
metals  Iwen  made  by  causing  any  simpler  aubstuncea  to  combine. 
These  metals  are,  then,  elements ;  and  the  substances  which  they 
form  by  entering  into  combination  with  other  elements,  as  well  na 
the  cireumfitAncc's  under  which  thc£c  combinations  arc  eHccttid, 
form  the  stibjert- matter  of  tlio  science  of  Chemistry.  The  descrip- 
tion of  any  ^'iven  substance — chlorine,  nitrogen,  calchini — as  an 
element  is  thus  seen  to  be  entirely  provisional.  The  experience  of 
1807  may  possibly  be  repeated  when  least  expected.  liefore  that 
date  lime,  soda,  and  potash  were  enumerated  in  the  list  of  elements, 
thouph,  from  their  strong  likeness  to  metallic  oxides,  it  -viras  vehe- 
mently suspected  that  thpy  were  really  not  elements  at  all,  but 
oxides.  When  Sir  Hnrnphr}'  "Davy  brought  the  galvanic  battery  of 
the  Royal  Institution  to  bear  upon  masses  of  these  substtuices  he 
resolved  them  into  oxygen  and  into  tnetals  never  seen  till  tlien  ; 
iind  thus  the  list  of  elements  suffered  a  profoimd  modification. 
Now  evidence  of  a  speculative  character  baaed  (Mendelejeff  and 
Newlands)  ujion  the,  rpmarkablo  relations  existing  between  the 
chemical  prnpeHics  of  the  elements  and  their  atomic  weights,  and 
of  a  directly  observational  character,  based  (Lockyer)  ijpon  the 
results  of  8i>ectntni  analysis  aa  applied  to  the  stellar  bodies — 
wliich  seems  to  stiow  that  many  elements  are  decomposed  by 
intense  heat  into  simpler  elements — lends  support  to  a  belief 
■which  is  mpidly  gaining  ground  that  bU  the  elements  differ  from 
one  another  only  in  tlieir  intimate  structure,  and  have  a  common 
basis  which  may  possibly  be  hydrogen ;  or  in  other  words,  that 
H  all  the  elomenU  are  structural  modifications  of  one  form  of 
H   Matter.     Thus  even  the  alchemist's  dream  of  the  transmutation 
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of  uietals  cauuol  now  l)«  treated  with  audi  unmitigated  coatempt 
as  it  received  tliirty  or  even  ten  years  ago.  tLouyL  it  may  cott- 
tiuue  to  be  a  dream  tu  the  realjijation  uf  which  uo  approach  is 
possible  oa  account  of  the  necessary  limitatioos  of  our  experi* 
meDtiU  appliances. 

In  reference  to  space,  every  mass  of  matter  must  at  any  in- 
stant occupy  a  definite  voliune  of  space :  it  must  have  some 
Extension  in  tridinieiisioual  spuce — it  must  have  dimensions 
expn.'ssil>le  in  terms  of  length,  breadth,  and  thickness.  As  a 
natural  consequence  ever}'  mass  of  matter  must  have  same  definite 
form,  whetliei-  thnt  foiiu  lie  iiii]Xf8ed  on  it  by  surrounding  matter 
or  nut — whether,  like  a  sidid  rock,  it  have  a  form  of  its  own,  or, 
like  ^vateT  in  a  basin,  it  have  a  form  which  depends  partly  on  the 
form  of  the  vessel  containing  it,  or,  like  gas  confined  in  a  gaso- 
meter, its  fonu  as  well  as  its  volume  depend  on  that  of  the  vessel 
in  which  it  is  enclosed. 

Among  the  properties  of  matter  ■which  are  said  to  l>e  essential 
we  usually  fmd  mentioned  that  known  as  impenetrability.  Tliis 
means  that  two  masses  of  matter  cannot  occupy  the  same  space. 
In  view  of  the  peculiar  phenomena  atteuding  the  solution  of  sub- 
stances in  water — a  very  large  quantity  of  difJ'erent  salts  being 
soluble  in  water  without  materially  increasing  its  bulk — we  cannot 
state  this  absolutely.  But  matter  is  believed  to  be  composed  of 
minute  masses  called  molecules,  and  of  these  ic  is  true  that  two 
cannot  coincide  in  position.  Uut  these  are  not  in  contact  even 
in  solids,  ami  so  a  Iwidy  is  always  fi-ee  lo  slirink  in  size — as,  for 
instance,  when  it  is  cooled  down  or  compressed— because  the  dis- 
tance between  its  molecules  is  capable  of  dimiimtion  ;  and  thus 
8  quantity  of  water,  which  is  not  a  continuous  substance,  may 
receive  between  its  own  molecides  a  mmiber  of  molecules  of  other 
substances,  and  so  form  a  solution,  without  entirely  sacrificing  that 
freedom  of  movement  past  one  another  which  its  own  molecules 
possess — that  is,  without  entirely  losmg  its  fluidity,  'llie  impene- 
trability of  matter  is  true,  theu,  of  molecules,  not  necessarily  of 
masses. 

If  R  (iL-rt^Lin  hulk  of  niiHtiiltic  ]>ntiuiHii]m  cootnin  45  iitoin*  or  Iiuir-int>leciilM 
of  potaadiirn,  nn  t^qtiul  bulk  of  Lvituttc  potasb  nnll  conUin  TO  atuniit  of  |xitiL8- 
etum  find  140  of  hydrogen  ainl  oxygen. 

In  respect  of  time :  Lapse  of  time  brings  about  no  change 
cither  in  the  quantity  of  matter  or  in  its  quality— that  is,  matter 
is  indestractlble  both  in  regard  to  its  total  quantity  and  to  the 
quantity  of  each  element.      Such  is  the  ordinary  belief;   the 
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former  statement  is  in  accord  with  tho  universal  experience  of 
Chemistry ;  bat  he  would  be  bolil  who,  from  the  experience  of 
mankind  on  the  surface  of  the  enrth,  should  venture  to  deny  that 
in  the  interior  of  this  planet  there  may  even  now,  as  the  earth  is 
>oliug,  be  an  increase  taking  place  in  the  quantity  of  the  more 
>mplex  at  the  expense  of  the  more  simple  elements ;  not  to 
Bpeak  of  the  positive  probability  which  spuctrum  analysis  lends  to 
a  belief  that  tliis  kind  of  action  is  actually  going  on  in  the  fixed 
stars.  Be  that  aa  it  may,  wiLhiu  our  experiuieuLal  rauye  of  kuow- 
,iedge  there  is  iiu  tmusmutittluu  of  elements  and  no  detitruction  or 
ition  of  matter.  Matter  changes  its  forms  and  its  combina- 
tions incessantly,  but  it  can  always  be  traced  up  by  cliemical 
analysis.  A  closed  glass  tube  containing  oxygen  and  powdered 
charcoal  weighs  exactly  tlie  same  after  tho  charcoal  has  been 
induced  to  burn  in  the  oxygen,  and  thus  to  disappear,  aa  it  did 
before  that  action  ;  the  gaseous  carbonic  ncid  produced  is  equal 
in  total  weight,  ant!  therefore  in  mass,  to  the  sum  of  the  carbon 
and  oxygen  which  composed  ii. 

The  fif^neral  properties  of  matter, — By  a  distinction  which 
is  somewhat  arbitrary  the  preceding  properties  are  said  to  be 
cssentiid,  wliile  those  of  inertia,  weight,  divisibility,  and  porosity 
^are  said  tu  be  general,  because  found  to  be  pusHcssed  by  all  matter. 
I^he  statement  that  inertia  is  a  general  property  of  matUir  simply 
means  that  Newton's  first  law  of  motion  is  a  universal  result  of 
esperimcnt 

All  bodies  possess  weight  at  the  cartli's  surface  and  within 
experimental  or  observational  limita  A  moss  placed  on  the 
earth's  surface  is  attmcted  by  tlie  earth,  by  the  sun,  tho  moon, 
the  planets  of  the  sular  system,  and  in  a  less  dcgrco— tlie  atti-ae- 
tion  being  so  small  that  we  have  no  direct  evidence  of  its  exist- 
ence— by  the  distant  fixed  stars ;  the  resultant  ditfers  so  very  little 
from  the  direct  attraction  of  the  earth  that  the  latter  alone  may 
be  considered  as  pidling  the  masa  downwards  towards  its  centre; 
but  this  is  only  a  first  approximation,  for  a  more  careful  dLscus- 
sion  of  the  intensity  and  direction  of  the  resultant  force  enables 
us  to  explain  the  phenomena  of  the  Tides. 

AU  masses  are  divisible ;  the  only  question  which  here 
emei:ge8  is  that  as  to  indelinite  divisibility.  Is  a  given  mass — 
say  of  chalk — divisible  to  infinity,  or  would  we  after  division 
eflectcd  with  sufficient  freijuency  obtain  a  small  moss  of  chalk 
which,  if  further  divided,  would  be  no  longer  chalk,  but  might 
perhaps  be  brolcon  up  into  lime  and  carbonic  acid  ?     The  facts 
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of  cliemical  equivalence,  as  naccrtained  by  the  balance,  seem 
to  be  susceptible  of  no  natural  explanation  other  than  that  matter 
is  maiie  up  ol  such  ultimate  particles,  niid  hence  matter  is  con- 
clutieJ  not  to  lift  infitiitely  divisible.  We  shall  recur  to  this 
subject 

Ml  matter  is  porous  or  possesses  porosity,  Ilydrogen  gas 
leaks  tlirongli  white-hot  iroa  uiider  pressure ;  cohl  water  can  be 
pressed  through  irau,  as  may  be  seen  in  Bramah's  hydraulic  press, 
or  through  lead,  as  iu  I'raucis  Uucou's  iamoua  experiment,  in 
which  be  took  a  shell  of  leiul  Itlled  with  wiiter  aiid  Lomprcssed 
it ;  the  watfir  oozed  through  the  lead  and  stood  in  drops  and 
beads  on  the  surJuce  of  the  sbell. 

Contingent  properties  of  matter. — Some  of  the  pro]wrtiea 
of  matter  are  contingent,  and  depend  on  the  particular  kind  of 
matter  coasidercii  anti  on  tho  surrounding  circumslimcea.  Aa 
lixuinplea,  we  may  take  the  facility  with  which  a  body  is  heated, 
the  rate  at  which  heat  can  run  along  it,  the  ease  or  difiiculty 
with  which  linht  can  pass  through  it,  and  so  on. 

Tbo  f|uantity  of  matter  per  unit  of  space  is  define<l  an  the 
denaity  of  the  mass  fiUing  that  space.  Thus  a  gramme  of  water 
occupies  a  cubic  centimetre,  and  according  to  the  C.O.S.  or 
centime tiu-j*rainme-seeond  system  of  iiieusurement,  the  density  of 

water  is  — M =  [.     More  accurately  (Kupffer),  1  cub.  cm. 

1  cc 

water  at  3°-9  C.  weighs  1000,013  standard  grammes,  and  it* 
deoaity  is  1-000,013.  In  the  same  way  the  density  of  lead  is 
11'5,  because  1  cc.  weighs  ll'S  grammes. 

In  genenil,  if  m  be  tho  mtuw  contained  in  voluu^o  V  imd  p  Uie  deneitf, 
y  =  p,  or  m  =  V/i. 

Every  kind  of  matter,  simple  or  conipountl,  has  a  special 
density  of  its  own  ;  thus  a  given  bulk  of  lead  contains  11"5  times 
as  much  mass  as  the  same  bulk  of  water.  Water  is  taken  as  the 
standard  of  density  ;  its  specific  density  is  said  to  be  =  1,  though 
sometimes,  in  estimating  tlio  density  of  iluids,  it  is.  iu  order  to 
avoid  decimal  fractions,  reckoned  as  1000.  In  the  same  way,  the 
8]>eciiic  density  of  lead  is  1  l^i'i,  atitl  those  of  all  substances  may  be 
experimentally  found  and  recorded  in  a  table  of  specific  densi- 
ties, or,  as  it  is  more  commojdy  called,  a  tabU;  of  specific  gravities. 
These  are  experimentally  found  by  taking  advant;ige  of  the  fact 
that  weight  is  proportional  to  mass;  w  =  mff.  Tlie  piece  of  lead 
which  will  ocaipy  u  given  space  not  only  contains  11^  times  as 
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much  raa$s,  but  ako  weiyhs  11^  times  as  much  as  the  quantity 
of  water  which  would  fiU  tlte  same  space.  Thus  the  density  of  a 
body,  as  coiiii>an:il  with  tliat  of  water,  ijreaetits  a  mlio — ilsApC'q/Ec 
(tensity — which  in  HuinBtically  identiciil  witli  Ihu  ratio — its  speeijic 
gravity — of  ita  weight  to  that  of  an  equal  bulk  of  water. 

If  u>  umI  in^  be  the  itnuoiaa  of  etjiial  volumes  of  the  body  aitd  of  w'iit«r, 

fn 

Sn.  denaily  =  — - — i =.  —  =  —  . 

detimt;  of  water  ni,        in, 

T 

weight  of  tlie  body  tnj        m 

'    **        '  ~  weit;lit  or  equal  bulk  uf  wultir  ~  mjj       "■, ' 
Hence  ap.  density  and  tqi.  gravity  taa  numeriuiny  idt-utictd  i-atioB. 


Sketch,  of  the  Ezperlmeatal  Methods  of  flu  ding  the  Specific 
Density  of  Bodtas. 

(a)  SoUda.— 1.  Weijih  tbe  body  in  liir  {prnjirrly  in  vaatn)  ;  imcjisun^  iU 
bulk  by  (lippini;  it  (suspended  by  a  thin  string)  intow4tt<?r  conlitiiicd  in  WMtel 
A,  and  obsemng  tlit;  risu  of  level  in  lb«t  veswt  ;  take  it  out :  out  of  ii  known 
quoutilv  of  wal«r  in  ve*wl  B  pour  viiwigli  watijr  into  vemel  A  to  jnwhir*  an 
equal  risi^  nf  level  in  tin'  viavsri  A  ;  liud  tlte  weitjht  of  the  water  thiit  has 
b(?eii  pouivd  out  of  vfuwL'l  B-  Then  ilm  weijiht  of  ilic  body  -;-  tLi^  wi,  of  lli« 
eqnal  bulk  of  u-ater  poured  out  of  B  =  the  Hp,  denaity  tjf  Uii«  b(jdy.  The 
pmr.ti»-Jil  iilij'^ctii'tn  U<  tlii»  m«t}iod  is,  tbnt  the  body  wiu^n  tiikisn  from  reaacl  A 
renioviM  *.miie  of  lUc  wot«r. 

S.  Wfij^li  tbe  body  in  dip  ;  put  It  in  A  vc-sftel — a  "  iipedfl«-gravity  flaak  " 
— marked  distinctively  at  a  ct-rtfiin  level ;  till  with  wftter  ftlone  up  Xa  th« 
marked  level  ;  weigh.  Emjity  the  vessel  and  Jill  witb  wnt«r  alone  up  to  tliu 
mark  ;  wt^igh. 

'ITicn  wtfiKbl  iif  veniwd,  bixly  snid  wutt't  iij>  U*  level,  =  V  +  B  +  >r. 
„  „  vuwu-I  uiid  wiik-r  almi«  up  to  level  =  V  +  W. 

.  * .  wt.  (if  n-atet  wlii«h  rtphicefl  the  hnily  is  W  -  it, 
and  -w-t,  of  body  is  B. 

wt.  nf  IkmJv  B 

■  •  •  P-  gr,  —  ^_^  ^j.  p|^^^|  iiyjjj  ^f  viAU-v  ^  TV  -  If 

3.  Take  advantage  of  the  following  propoHition  in  Hydrostatics: — -A  body 

Mupendeil  iu  a  liquid  iii  buoyed  nji  by  that  liquid  to  snch  on  eit«Dt  as  to 

diminiih  in  npjiaivnl  wri^bt  by  uii  auiniint  t-qual  to  the  weight  of  thi^  hulk 

of  the  ItquiiL  vrliirb  it  may  1>c  crmxiden-d  an  iliiiplacin){.      If  it  body  of  exactly 

the  same  dmoity  iia  wtitcr  be  siiipL'iid«(l    in  waWr,  it  will  neithei-  nink   nor 

wt  in  air  1 

nee  ;  ita  appai-cnt  wcictt  will  =  0  :  lis  so.  iir.  =   ,   -  -■ : —  =  ^r  =   I. 

If  it  h«  more  dense  it  will  sink,  but  slowly,  fop  while  its  inaat  is  onaltered, 
the  force  acting  on  that  nuwis  i^  apinrcntty  diminiaheiL  If  it  be  leaa  denaa 
than  wat«r,  it  will  i-lw  ;  iu  weight  will  appear  to  \>a  leas  than  nothing, 
noKulivv. 
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A  cork  of  volume  natiil  dctiiity  '8  will  )iKv«aiiuiw  r  x  -8  c=*8it.     Ati  &quft] 

bulk  of  wat*r  would  havp  a  niuw  v  x   1  =  tp.     Tht  weight  of  lliiit  tiiiiM  of 

water  wouM  be  maiu  x  p  :=  117;    tlie  weiftjit  of  the  niiiM  of  ojrk  in  *imiliirly 

■8wif,     The  apparent  weight  of  the  inaas  of  cork  will  be  -Bvg  ~  rg  =  -  Svg  ; 

».«.,  its  (lownwai J  owfU'ratioii  will  be  negative,  or  the  cork  will  move  upw&rds. 

This  upward  ac'culcrutiti;;  force,  =  -ivg,  itcting  ua  a  moss  Sv,  will  pnxluce  an 

/  .  /\        '2i7       1 

(tcci*I«rat)on    ( »iiiM!  a  =  —  1  =    n~  =  Tff,  and  but  for  frirtiwn  iti  the  water 
\  mj        '6v        4-" 

the  cork  would  riw  with  un  upward  ncceleratioji  of  iJ-05  fwt  jwr  second. 

Therefore  wci^h  a  l"o<iy  ici  air  ;  suspend  it  by  a  fiiifl  thread  from  the  pan 

of  B.  balance,  ho  that  it  just  siukB  wholly  into  water.     It  will  appear  to  weiffb 

Wt-  111  ftll* 

leae.      Theii  the  hji.  gr.  = — ■ — -- — — : ,    or,  accurately. 


Wt  in  vacua 


B))piire]it  luM  of  wt.    in   wiitcr' 

If  llie  body  bu  lighter  than  water,  attach  to 
apparent  Ioh  of  wt.  in  wnt«r 

it   a   piece  of  heavy   suWtance — say,  lead — of  known  weJHlit   and   knou-n 

denjiity  (lead  =  H"5).     Then  the  weight  of  the  lead  is  ll'SVy;  that  of  the 

light  subntttiice  is  pV^j;  together  they  weigh  11  "5  Vj  +  /»V,^.      In  water  they 

weigh  lO'S  Vg  +{p  -  I)  V,*;'.    The.loMof  the  lead  a]on«  niuat  l>e  Vj,  or  -t-7  of 

its  weight ;   whence  the  low  of  the  light  Imly  in  water  in  easily  clGtomiinud 

bv  difference  ;  and  ita  density,  the  fraction    — 1_ ,  found- 
loss  in  water 

4.  If  the  solid  be  soluble  or  be  othorwiae  acted  on  by  water,  some  other 

fluid  ii  injicli-  use  of,  narh  aa  naphthn  or  tnrpentine,  ihe  specific  density  of 

which  is  kuowD.     ]f  the  »|mcitic  density  cf  the  solid  with  it-rrn'iice  to  th« 

liquid,  found  by  any  of  the  above  mentioned  methods,  be  -  ,  and  the  ap. 
[).  of  the  lii|uid  with  reference  to  water  be  — ,   then   the    product    of  tlieae 

V) 

apeeifie  dcnaities  =  _  x  ~  =  -  ta  the  sp.  d.  of  the  solid  as  eompired  with 

water.  ^        "       ^ 

[h)  Of  liiquide. —  1.  Fill  a  wHghcd  Teasel  up  to  a  certain  mark  with 

the  liquid  :  it  w«ighs  so  much  :  hy  ditferenre  find  th*  weij^ht  of  the  licjntd 

alonw.     Eni[>ty  the  vesael  and  repeat  the  proccB*  with  WAl*T  ;  the  water  which 

tiUa  tho  veEsel  up  to  the  Etune  mark  weighs  so  much.      Then  th«  sp.  gr.  of 

,     ....      ■"■[.  of  givun  bulk  u(  liquid, 
the  liquid 


wL  of  same  bulk  of  watatr. 


S,  A  body  tnimened  in  water  api>eai8  to  lose  —  of  its  wdgbt ;  luimet«ecl 

in  the  fluid  to  be  tealed  it  iipiwir*  to  lose  —  of  it*   weight.     Tliia  body  i» 

z  time*  (z  being  a  whnip  number  or  a  fraction]  a»  den^e  as  water,  y  timea 
aa  dense  aa  the  fluid.     The  density  of  the  Quid  is  to  that  of  *water  as  the 

apparent  loflB  ~  in  the  Buid  ia  la  the  apparent  loes  ~  in  the  water — that  ia, 

aa  z  :  jr ,-  and  thR  sp,  d.  of  the  fluid  is  -  • 

3.   Hy  the  ufti  of  ny'lr()nicters,  Alcoholometer*,  and  the  like.     Tlie  frin* 
ciple  of  Lhcac  instrunienta  ia  the  following  : — A  body  which  fioats  in  water 
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witboat  being  wholly  ittil)nii^rg«d  10  in  cqinJibrioia  amler  thp  oittitm  of  two 

force* — (1)  llie  wci-rht  of  the  whole  bwly  ;  (2)  the  l)Uoyarn;y  of  the  Wftter, 

equal  to  the  wci};ht  of  the  pnrt  of  the  water  divpliiccd.     Thus  ic?  HuaU  in 

wiiti'r  with  T-Vtfa  '^^  '^  \>fx\k  »ubmcrf;etl.     If  the  volume  of  a  maaa  of  ice  be 

V  ami  iU  spt^tific  density  p,  the  weight  of  tho  tuflss  ia  vfxi,  ami  the  wt-ight  of 

tliG  niiuw  nf  wutt^r  eijital  in  volume  tci  tliR  Hubtiier^^il  |Nirt  of  tlii^  iciiiait  uf  ice 

ia  '91811  X  ff.      ThiJH*!  are  njujd  ;  vptf  —  -fllBrj;   whoiKc  p  =  '918,  ihu  spfMiiKc 

density  of  icu  ax  coiii})u.reil  with  vni,ter  =  1,     Tliii*  the  ep.  d.  of  a  body  flo&t- 

pwl  iiniiierwl        _, ,  ,     ,       .  ,     ,  ,        . 

injz  m  water  =  — ; — ; ; -•      TniA  metriod  micbt  be  nsed  to  aetcrmine 

^  wliulc  volume  " 

ihs  »p.  d.  of  solids  were  it  not  for  practical  diflicnltics  of  mcasiuvTiient,  which, 

for  the  aalce  of  explajiation,  we  here  suppose  overi»nie.     If  a  mau  of  ice  be 

|, placed  iu  clilorofiirEii,  it  will  llcHit  with  '6125  of  ita  ma^  «iibiiierg«d  ;  tiiu  up, 
of  ic«  ill  rcfcreiicu  to  dilonifunn  in  'G12I^.      The  pnjbl<>n)  cuiih.-»i  to  b«  this  : 

[Wfttcr  IN  -VrVir  t'""-"*  "*  h*ttvy  ae  wv.,  »hl(.ii>fiirni  i»  -Vi?^  time*  a»  liedvy  as 
-What  aro  the  relative  densitiea  of  MQtcr  aud  clilorvfonu  ?  Clilomftinn 
IB  heavier  than  water  in  the  ratio  of  ViW  '•  'WV-  °f  ^^^^  ■  ^^^^i  "i" 
1*497  :  1  ;  that  k,  iU  itp.  d.  ia  1*4D7,  We  see,  thtn,  that  the  contpnmuvc 
■p.  d.  of  liiiuitb  muW  bw  awerUiinwl  hy  firntiiij^  to  what  depth  hndiex  floating 
ill  them  will  nink,  if  we  could  perform  the  neceBi«ftry  ineaBurcment*  with  the 
rwittiaite  accuracy.  But  inBtninient^  which  have  l)«cn  giwIiiAtcd  by  the  in- 
ttmracnt-maker,  who  observes  and  marks  on  them  with  more  or  leBA  cun  the 
depth  to  which  they  sink  in  vorioiia  liquide  of  known  t^pecific  gravity,  and 
marks  the  cnrrujipondin;;  powition  hy  proper  ligurea,  are  in  common  usi-  fur 
pnitiiptly  iMcrtjiiiiiiig  the  diMmity  of  varioUA  liquid».  They  are  unually  niiulu 
with  lurp.'  bullijf,  Ki-'ncraUy  hauled  willi  iiioicury  or  lead-nhot,  in  order  that 
they  may  float  vertically,  and  they  have  a  narrow  titem  whieh  is  graduated. 
They  are  cauiteiL  to  ftoat  in  the  lit^uid  whose  deneiiy  is  to  be  found  :  the  gmdu- 
atcd  t(t«iii  stands  luorc  or  U-ss  out  of  the  Ui^md  ;  the  Q^iitc  upon  it  which 
cum:«puiiih<  motti  nvuirly  with  the  ^vucrtil  level  of  the  surface  of  tJie  liijuid  in 
read  off  and  recorded.  It  is  coiiveuiL-uL  in  tifft'ctini;  »iiL-h  nudtiif^ii  to  orrnnge 
a  piece  of  black  paper  to  serve  na  a  background,  and  to  place  the  liquid  to  hs 
t«f!t«(l  in  n  glaa»  tchk). 

RoniMpnu'ii  denfiimeter  beor^  at  its  summit  a  littlo  caritir.  In  thin  a 
rnbin  centimet<-r  of  the  fluid  in  placed  :  a<;cnrdiii;^  to  the  depth  to  which 
this  makes  the  iiistrtiinmt  «iiik  in  water  is  the  density  of  the  fluid  deter- 
mined, according  to  the  graduation  performed  beforehand  by  the  instrument 
maker. 

Fahrenheit's  areometer  consists  of  a  similar  inftniment  provided  at  its 

vumniit  with  a  little  platform  or  pun.     ft  is  placed  in  water  at  3**9  C,  nud 

uoded  by  miiiill  additiuiial  weights  plitccd  in  the  pan,  until  the  oivonieter finks 

^fn  the  wutur  ji9i>t  »o  far  that  the  level  of  the  watvr  coLucide!<  with  a  certain 
mark  on  the  uistrumenU  Then  the  Eum  uf  the  known  weight  of  the  artx>- 
metsr  +  the  additional  wt-iKhta  put  on  =  W  =  the  weight  of  the  bulk  of  water 
^placed.      It  K  reiiiuved,  dried,  and  placed  in  the  liquid   to  be  tesli^  ami 

^Cgsin  loiul('4  till  it  .stands  at  (ht  mme  Uvgt  aa  befim\     Tlie  weight  of  the  in- 

leTJt  +  the  weij^liU  now  addrd  =  W^  =  tin",  wcijjht  of  an  eiinal  hulk  of  the 

W 
liquid  to  be  tested.      Then  — t,  the  ratio  of  thcac  weights,  is  tlie  specific 

rdcnistty  of  ibu  liquid  iu  qucutioii.  If,  for  oiiuiiple,  the  inNtruiiienl  weigh 
BOO  grs.  and  float  in  wnler  at  tins  proper  level  when  loaded  with  SOO  grains; 
loulnd  with  8(1  grains  it  floata  at  the  same  level  in  on  aqueous  wlution  of 
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unmoiua:  tbe  total  wd^blfi  an  1000  und  880  ;  tUc  •loEuily  of  aiuDioDiA 
•olution  B  -880. 

Kieholflon'sareoineter,  wliicfa  ia  fionictiineB  used  fordi^crniltiiui;  ihu  duusily 
of  solid.*,  in  a  inuditicatioii  <if  tlicw  instrunienta.  U  hetim  two  iilutl'tfrnifc^ — 
one  i»t  Uic  Jitiriruil,  uul  of  the  water,  and  a  lower  one  in  the  ivatar.  The 
body  wboac  demity  is  to  hv-  foiiiul  i«  pluccil  on  the  upper  pan  along  irith 
w«ight«  jUKt  suflicieDt  to  Hliik  llic  nti^otiictor  tu  a  ocrUun  niAik.  Tht;  WJy 
in  tnumfHiTed  to  the  Sower  pan,  beiieiith  thv  levul  of  the  water.  More 
■wi;i^;hL«  miwit  lie  placwl  in  the  upper  ynn  U>  cnuse  tho  areometer  to  sink 
to  ihv  NHiiw  Ifviil  ;  thi"Bp  Wf inlil-'  ntv  fijiia!  tn  tb-  apfvin-ut  Sobm  of  wei|>;ht 
saffenil  hy  tbt  Ijody  when  plucctl  in  tht;  watvr  uu  tliu  luwer  pan.  'I'litn 
weifilit  of  body  , , 

-rPT- ; ^^rr   =  dcnaity  of  the  eohd. 

additional  weigbla  '' 

4.  By  tipecific-gr&rity  ludbs.  Uulhs  are  sold  wliicb  arc  known  to  float 
williviit  riniu}^  or  *iiikinn  in  liijoida  of  ibe  ap.  fjr.  marked  in  numbera  upon 
tlieiu.  A  nuuiher  uf  (hem  uv  tbruwii  into  ttiv  li<]tiid  ;  tho«i.>  wliicb  bear  too 
higli  n  nmnbcr  eiuk,  those  which  mv  too  lij^ht  rise  ;  ihu  oiw  ciiictly  twrre- 
Bpoiidiiig,  if  Uiei-e  bo  one,  is  at  rest  unywbun:  in  Uie  fluid. 

(o)  Of  Gases.- — The  d«insily  of  a  k«s  U  found  bj  an  upplitatiun  af  the  hoiiic 
ptinciplcf)  lis  thnne  cniploycid  in  iletfi'miiiLng  lltat  of  a  litiuid.  A  ropjier  or 
glaH  vcseel,  M  lig^t  as  in  con^i^Unt  wilh  juli^qnA><i!  bulk  and  ritn'iigth,  bao  tbe 
containni  air  extTAc-h.-d  frutti  it  \<y  niiiuns  of  a  ^ooA  air-pump  ;  it  \i  tht-n 
weighed  empty ;  it  is  very  slowly  filkd  with  lli<.>  |^  and  left  for  Bomc  finie 
in  toiiiiniinication  with  a  roservoir  of  it,  it«  stopcock  ia  cIo«?d,  and  the  %-omo1 
lliiiit  fillt^dnith  the  pm  is  (ijjoin  weigWd:  the  weight  of  the  volume  of  gaa 
w}iii-h  till.i  till-.  vuAiiel  is  tbu.i  AM-ert&incd.  It  in  again  emptied  by  mcniia 
of  iJce  air-pump,  and  tht-n  air  is  lUIowwl  to  irnter  it,  After  standing  for 
BDiiie  lime  in  order  to  acquire  the  tempt-niLure  of  the  rwm,  it  ie  again 
closed  iLud  weighed  :  thus  tbe  weight  of  thai  vulunie  of  air  which  iills 
the  v(*iH.'l  is  fctuBd.  Then  the  weight  of  itie  gas  --  wt  of  e^ual  vol.  of 
air  =>  dbuxity  of  tht.-  gas  in  reference  to  air  «»  u  ^tanlia^(l. 

It  is  convenient  for  many  ptirposea  to  take  tlio  rarest  ^'aa, — 
that  is,  the  least  densQ  gaa,  Hytlroj»en, — as  a  standard  of  d«istty, 
anil  then  we  say  that  the  specific  density  tir  sp.  gr.  of  Hydrogen 
18  1,  that  of  air  14'47,  that  of  Oxygen  16,  and  so  on. 

A  cubic  centimetre  of  Hydrogen  weighs  ■0000895082 
grammes,  a  cubic  cm.  of  air  weighs  (at  Paris)  -0012932  grarames 
at  the  freezing  point  of  water  and  at  the  barometric  pressure  of 
760  mm.  of  mercury.  A  cub.  cm.  of  tlie  lightest  liquid  known 
— liquefied  acetylene — at  the  freezing  point  of  water  weighs 
■45  gramme;  the  same  volume  of  water  weiglis  1  gramme  at 
3*"9  C,  or  more  accurately  it  weighs  1'000013  standard  platinum 
grarames;  the  same  voliiino  of  lithium,  the  loa.st  dniso  sfilid 
metal,  weighs  'oySfi  gramme.'?,  and  of  lianimered  platinum  weighs 
21*25  grammes.  Thus  we  see  that,  bulk  fur  bulk,  solid  platinnm 
is  nearly  240,000  times  as  dense  as  gaseous  hydrogen. 


For  the  eatiniation  of  Vapour-density,  toe  p.  347. 
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TiiB  States  of  Matter. 

We  know  that  ia  popular  lanj^noge  tliere  arc  Raid  to  be  three 
Atcs  of  matter,  the  solid,  tlie  liquid,  and  the  gaseous.  Closer 
observation  shows  ub  that  these  merge  into  one  another,  and  that, 
in  addition  to  these,  matter  exists  in  conditions  more  recondite; 
thus  we  shall  liave  to  pass  in  review  the  following  conditions : — 
(1)  Rigid  solid,  (2)  soft  solid,  (3)  viscous  liiiuid,  (4)  mobile 
liquids,  (5)  vapour,  (G)  critical  state,  (7)  gas,  (ti)  radiant  matter. 
These  jjiay  be  all  classilicd  under  the  two  heads  of  Solid  and 
fluid,  which  are  not,  however,  sei)aralud  from  eadi  other  by  any 
distinct  line  of  demarciatiuu. 

A  perfect  solid  is  an  ideal  body  which,  when  acted  upon 
by  stress,  if  it  do  become  deformed,  becomes  deformed  to  a 
definite  extent,  and  then  rctaina  its  newly-aequired  form  for 
an  itich-tinitc  period  of  time,  as  long,  tliat  13,  as  the  same  stress 

ia  oonlinuously  applied  to  it;  thus  the  ratio 


Btraiu 


defonnirig  force 


=  amst     A  steel  spring  becomes  stretched  by  a  weight 

atraaa 

hung  upon  it :  it  is  stretched  to  a  definite  extent,  and  then  retains 

the  same  length  for  any  length  of  time,  or  rather  it  appears  to  do 

80  when  we  do  not  use  sufficiently  aceiinite  measiirenieiita ;  if  it 

did  so  perfectly,  steel  would  lie  a  perfect  solitl.      A  Fluid,  »n  the 

other  hand,  is  a  subHtaiice  which,  if  continuously  acted   ii]»nn  by 

deforming  force  or  sti-ess,  continuously  yields  with   cnntinuouBly 


strain 


is  not 


increasing  dofunuation  or  straiu;  and  thus  the  ratio 

stress 

constant,  tnit  increases  with  the  lapse  of  time.     The  stress  so 

applieil  to  a  fluid  in  order  to  deform  it  must  not  l)o  one  which  is 

applied  equably  over  its  w|iole  surface — in  other  words,  it  must 

not  be  a  "  Hydrostatic  stress" — but  must  act  more  effectively 

on  one  part  f>f  the  mass  nf  the  (hiid  than  on  another. 

A  rigid  solid  w  one  which,  when  a  stress  is  applied  to  it, 

experiences  no  deformation,  no  strain  ;  and  therefore  in  a  perfectly 

rigid  solid  the  fmction         -  =0,  and  continues  so  for  an  in- 

atreas 

definite  period  of  time.  This  is  an  ideal ;  no  substance  is 
absolutely  rigid ;  bat  we  may  form  0  sufficient  idea  of  a  rigid 
•olid  by  considering  an   anvil  nn  which  a  nail  ia  placed :  the 
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anvil  appears  un deformed — it  appears  to  bo  absolutely  rigid.  There 
is,  thcD,  no  body  absolutely  solid,  no  substance  absoIiiUtly  rigid  ; 
the  bodies  which  we  i»ll  rigid  solids  are  found  to  yiulil,  and  to 
yield  continuously  if  we  experiment  upon  them  in  suRiciently 
small  mflssea  (such  as  thin  wires),  and  act  upon  them  with 
snfficient  forcea  for  adequate  periods  of  time.  In  practice  a  body 
is  said  to  be  solid  if  its  deformation  remain  practically  or  sensibly 
constant  for  a  long  time;  it  is  said  to  be  rigid  if  the  defoniiatiou 
produced  by  a  given  stress  ho  exceedingly  small,  or^  in  other  words, 

-;-,  the  coefficient  of  rigidity,  be  very  lai^ge.     A 


if  the  fraction 


strain 


80ft  aolid  is  one  in  which  the  coefficient  of  rigidity  \s  very  small — 
that  is,  it  is  a  solid  in,  which  a  sniaU  stress  produces  a  groat 
deformation.  A  mafis  of  jelly  is  very  easily  del'ormed  by  stress ; 
but  if  a  moderate  stress,  siich  as  the  weight  of  a  caraway  seed  or 
currant,  be  applied  to  jelly  even  of  very  thin  consistency,  tlie 
deformation  produced  by  it  ia  approximately  constant;  the  jelly 
does  not  flow  over  tho  small  load,  and  is  therefore  a  true  solid, 
though  it  is  soft. 

It  would  seem  at  Hrst  sight  rath{?r  an  abuse  of  terms  to 
declare  that  thin  jelly  is  a  solid,  and  that  such  eubstauces  as 
sealing-wax,  pitch,  and  cobbler's  wax  are  fluids ;  yet  these  latter 
are  fluids  because  they  flow,  because  they  sutfer  continuous  de- 
formation under  the  action  of  a  continuous  stress.  A  stick  of 
sealing-wax  supported  at  its  ends  yields  continuously  to  its  own 
weight;  a  mass  of  sealing-wax  or  pitch  will  flow  down  hill;  a 
cake  of  cobbler's  wax  of  a  definite  form  will  soon  lose  its  sharp- 
ness of  outline ;  a  cake  of  this  material  placed  in  water,  with 
bullets  on  it  and  corks  under  it,  will  be  traversed  hy  the  bullets 
at  the  rate  of  about  a  quarter  of  an  inch  per  mouth,  and  by  the 
corks  at  a  somewlmt  slower  rate ;  the  wax  slowly  flows  round 
them  as  they  sink  or  rise  luider  the  iuflueuce  of  their  relative 
weights,  just  as  water  would  much  mure  rapidly  do.  Tliese  sub- 
stances are  fluids,  then  ;  but  their  flow  is  extremely  slow,  or,  in 
ot^er  words,  their  Tiaeoaity  or  resistance  to  flow  is  extremely 
great.  Treacle  is  another  example  of  a  viscous  fluid ;  strong 
s}Tup,  weak  syrup,  very  w<mk  syrup,  cold  wntcr,  alcohol,  hot 
water,  ether,  are  examples  of  liquids  whose  flow  is  successively 
more  rapid,  whose  viscosity  is  loss ;  and  the  last  mentioned  are 
aaid  to  be  mobile  liquids,  though  perfect  mobility,  the  perfect 
absence  of  viscosity,  is  an  ideal  attribute  not  possessed  by  any 
actual  fluid. 
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Tho  Ooefflciont  of  Vlscoaity, — In  Fig.  99  let  ABCD  rejirc«nt  a 

Toluroc  of  lluiii  minpriscd  between  two  ploucA  pAMiug  thnm};h  AB  uk)  CD, 

iiimI  let  ft  ii1i4-arii])j  force  rejmariil^il  tiy  arrDiv.i 

«ct  on  Uio  Huiil  for  unit  of  ti'inr.     The.  AvXt\T- 

matioD,  «inr«   1)ip  sul^tunre  in  f1iii<l,  ^ix-n  mi  in- 

creasiiig;  let  Atdli  irprewat  the  foriu  a)=«tuavd 

thnu^li  the  (liffoivnt  layurs  (ima^iDcd  eeporutt? 

84  in  Fip.  26)  fllippinj,'  over  one  another,  the 

luwi-st,  AB,  buiug  ui  tvil.      If  tbc-  vclutily  iui- 

|nrtcil   to  each  etiBtutii    bi-   propurUniidl   to   It^ 

diMoncc  from  AB,  the  mlius  of  tJuir  diiplartmi-iits  ll\  ■mm',  nn,  oo',  to  their 

.      j.^  .        .  -,i .  .      .      W      mm       nn'      w' 

respective  distancpa,  Am,  An,  etc.,  vnll  be  eijual ;  %.e^  -  -  =  -r —  —  -r—  =  t-  = 

-—  =  tao  4>  !  *"'i  '•>  other  wortU,  this  it  a  proper  Slicwr. 

Thi*  Blippin^  of  odv  imaginary  Rtratuia  over  uiotlier  is  retordeil  as  by 
(rictioii,  for  cmh  Mnituni  rubs  ai;aiiut  or  i*  elckyetl  liy  tlie  one  next  to  it ; 
uitl  thufl  the  rctariUtion  acts  lu  a  force  would  do  oppoee'l  lo  tlutt  which  t«nit8 
to  produce  niftvempiit— i.f^  to  the  shearing  forw^and  it  has  tfl  be  tnciuiirod 
owr  cvttry  unit  nf  surfaci-  over  whicli  llic  relardiition  is  effeL'tcd.  Tho  shear- 
int;  force  itwrlT  in  itn-jvurfd  an  ft  forci;  vitertcil  pamlkl  to  tlic  pinncs  pouin); 
throTigh  AB  and  CD  (umi  tlirnifotx^  tftnyeiitUl  to  the  (tiitfAofia  of  the  different 
alrnto,  in  the  gfoeml  aue),  nnd  octinf;  on  each  unit  of  nn-n  of  tlieMc  nurUtcta. 

The  ruUo        /''earii.sJW ^L  =  „,  the  Cot^fficiont  »f  Vis- 

shear  per  unit  of  time  Iad  <^ 
cosily.  When  i^  =  II,  there  ia  no  dcfonnutioi]  in  unit  of  tinit-,  nnd  Ihp 
TUcoaity  ia  infinite  ;  when  ^  is  very  Email,  the  defonnation  is  very  small  in 
unit  of  time — tliat  ifi,  it  ia  very  slow,  and  tlnj  liwosity  is  vi-rj'  grcaL  When 
the  viccoeity  is  very  small,  the  deformation  prudiiced  i»  unit  v(  lime  it  vx-ry 
grvat,  or  the  ub^tlruutioii  oiri-rvd  to  How  is  wry  small. 

If  tlie  distance  AC  =  I,  and  the  displBccment  of  CD  in  unit  of  time  (•.<., 
ita  velocity)  be  also  =  I,  thtii  tan  ^  =  1,  and  the  fJiearint;  fnrrc  ia  equal  to 
the  coefficient  of  viscoHly  ;  whence  tlie  cocfiicient  of  visfasity  may  be 
meiuiired  like  the  (•o.-ffir ir-nt.  nf  friction,  in  terms  of  a  force — that  i.*,  by  "  the 
toDRential  for«e  on  the  unit  of  nrca  of  cither  of  two  horiinntal  planes  at  the 
unit  of  distance  apart,  one  of  which  is  (relatively)  fixed,  while  tlic  other 
roovcfl  with  the  unit  of  velocity,  the  space  between  being  filled  with  the 
viscous  material "  (Maxwell). 

Relation  betiveen  Rl^dity  and  Vlscoaity. — The  measure  of 
Rigidity  in  the  kh-al  perfect  cuLid,  the  ratio  of  the  duformiti)^  forue  to  the 

total  dcforiuaiiuii  produced  by  it,  or  the  fraution ■■  ■    - ,  n'maim  con- 

■^  ^    ^  Total  Strain 

slant  for  any  period  nf  time  during  which  the  deforming  foroc  applied  remains 

constant,  and  this  ratio  or  fraction  is  independent  of  the  unit  of  time.     Thu 

nieafluiv  of  viw;i>sity  in  a  fluid,  on  the  other  haiid,  ia  the  ratio  uf  tlie  defunu- 

ijig  fun.'e  to  the  deformation  prcxluced  iu  a  unit  of  time.     Whether  the 

utut  of  lime  ehown  bu  great  or  kuulLI,  the  numerieol  value  of  tlie  fraclion 

^£ — '■ ought  to  be  the  same.     Yet  it  ia  found  that  if  an 

auear  prochieed  in  time  t 

eXModlugly  wuall  unit  of  time  be  chosen,  the  cuciHucnt  of  viicou^  nay 

have  nine  exjieri mental  value  differvnt  from   Llial  found  when  tlie  unit  of 

lime  IB  larger.     If,  for  instance,  Canada  buhuim  Ixi  vtirred  witli  a  spatoU,  it 
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will  Iw  found  (Maxm-U)  lo  bu  tlouKly  refnictiiig.  This  showa  that  it  ia  for 
Uic  instant,  and  locally,  in  aijondilion  likt'  that  of  a  atretchetl  nr  a  coinproswd 
•olid,  and  that,  thuuKli  it  is  liquid,  if  i<nffl('ienl  time  (time  nf  rclajiition) 
be  allowed  it.  yet  under  the  action  of  impulsive  forcw  its  coefficient  of  via- 
eority  is  *o  liiffli  that  it  pmctically  bchawcfl  afior  the  (aahion  of  a  «ilicl. 

There  ia  no  substance  perfectly  solid,  and  hence  when  an 
appnrently  solid  substauce  iu  a  suitable  form — for  convenience, 
that  of  a  wire — is  exposed  to  n  constant  distortinj^  stress,  though 
ita  fr>rra  is  found  to  bo  atTncted  to  a  e(irtain  extent  (say  by 
lengtheniug  or  by  twisting),  and  it  appears  soon  to  reach  the 
limits  of  its  distortion,  whii^h  may  then  be  nieaanred,  the  apparent 
rigidity  of  tbo  fluhstauce  being  thus  aacertainable ;  yet  in  general 
it  will  he  found  that  tlie  prolonged  applioation  of  a  conatant 
stress  induces  a  constant  slowly-increasing  o^lditional  distortion, 
the  substance  then  acting  as  a  fluid  of  exceedingly  great  viscosity. 
Further,  we  now  know  by  the  experJetice  of  manufacturing 
industry  that  lead  and  even  inin,  when  exposed  to  sufttcient 
pressure,  can  be  made  to  flow  slowly ;  and  the  operation  of  wire- 
drawing involves  among  the  ptuticlea  of  the  metal  drawn,  as  they 
pass  through  the  aperture  in  the  plate,  a  relative  movement 
which  is  similar  to  that  of  the  particles  of  a  flowing  fluid. 

Wieu  the  viscosity  of  a  fluid  is  infinite,  there  is  no  diUfereDco 
lietweeu  that  fluid  and  a  rigid  solid.  It  is  supposed  by  some  that 
the  matter  at  the  centre  of  the  earth  approximates  to  this  condi- 
tion. If  the  earth  have  a  crust  about  25  or  30  miles  thick 
floating  on  a  melted  magma,  at  increasing  depths  the  pressure 
(which  near  the  centre  must  amount  to  about  45,000,000  Ihs. 
l>er  8<iuare  inch)  would  compress  the  liquid  so  much  that,  though 
melted,  it  would  have  a  viscosity  so  extreme  that  the  mass  would 
have  the  same  relation  to  extraneous  forces  as  a  very  rigid  solid 
body  would  have.  The  earth  would,  in  consequence  of  this, 
comport  itself  as  if  it  had  a  solid  nucleus  floating  in  and  merging 
by  gradatitms  of  I'clative  softness  into  a  tliin  liquitl  layer  on  which 
tliQ  cruHt  floats. 

Substances  in  the  solid  and  liquid  form  are  broadly  dis- 
tinguished from  those  in  the  gaseous  cnudition  by  tliu  two 
following  cbaraL-teriatics.  In  the  lirst,  place,  the  former  have  a 
free  surface,  while  the  latter  cannot  permanently  retain  a  free 
bounding  surface  independent  of  the  vessel  containing  them. 
Secondly,  solids  and  liquids  tend  (apart  from  volatilisation)  to 
assume  a  definite  linnUid  htdk  and  density;  while  gases  always 
tend    to  assume  an    infinite    volume    and  a  corresi>ondingIy 
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small  density.  If  aay  dcfiDite  quaatit)'  of  a  gas  be  ooa&ied 
witliin  a  liiuitod  space,  it  will  always  till  that  space  and  press 
against  tbe  sides  of  the  caataiuiiig  vessel ;  and  it  will  subject 
that  veasol  to  stress  or  pressure  which  the  vessel  must  he  strong 
enough  Ui  wiiliAtnriil.  Thus  a  ^s,  with  its  tendency  to  indefinite 
expansion,  h»8  elasticity  or  voliiiiie:  work  han  to  Ui  iloiio 
in  urdcT  to  CLinipress  it,  and  when  comprcased  it  tends  to  restore 
the  work  done  upon  it^  Under  ordinary  circmnstiarires  gases  are 
prevented  from  expanding  to  an  indefinite  extent  by  the  preasnre 
of  the  mass  of  air  which  lies  upon  the  earth's  siiriace,  which  is 
dra\TO  down  towards  and  pressed  upon  that  surface  by  the  force 
of  gravity,  and  which  consequently  compresses  itself  and  all 
objects  at  the  earth's  surface  with  an  "atmospheric  pressure"  of 
about  15  lbs.  per  8q_uare  inch.  Hence  a  closed  Hask  containing 
air  is  subject  to  two  equal  and  opposite  stresses,  whose  resultant 
is  nil ;  the  air  ia  the  Hask  tends  to  burst  it  outwards ;  the  air 
BXtemnl  to  it  tends  to  make  it  collapse :  between  ttie  two  pres- 
Irsures  the  llii.sk  has  no  need  for  strength.  Tf.  however,  the  air  b» 
'in  any  way  oxtracted  tWiiii  the  Hask,  the  external  pressure  will 
atone  act,  and  the  tlask  may  collapse.  In  a  ateam  boiler  the 
internal  pressure,  the  tonileucy  of  the  steam  to  exjnvnd,  is  greater 
than  the  external  prcssum  per  square  inch,  and  the  boiler  must 
be  of  sufficient  strengtli  to  provide  for  the  difference. 

The  pressure  exerted  by  a  confined  gas  is  equal  over  the 
whole  tutenial  surface  of  the  vessel  contaiaing  it;  imil  a  pres- 
sure of  a  Ibe.  per  sq.  iu.  exerted  on  a  piston  force^l  into  a  cylinder 
of  gas  is  communicated  to  every  sq.  in.  of  the  inner  surfat^e  of 
the  cylinder,  for  the  face  of  the  in-moving  piston  is  at  any  instant 
a  part  of  the  inner  surface  of  the  cavity  containing  the  gas  ;  and 
if  any  iither  |mrt  of  the  wall  of  the  cavity — «.y.,  the  lace  of  a  second 
piston — be  at  the  same  titnu  niovablo  outwards,  tlio  excess  of 
internal  pressure  will  cause  it  to  yield.  If  its  area  be  the  same 
BS  that  of  the  iu-nioving  piston,  the  out-moving  piston  would  be 
acted  oil  by  an  equal  total  pressure,  and  would  move  to  exactly 
the  same  extent  as  the  in-moving  one. 

There  ia  an  apparent  parmlox  in  the  statement  that  a  single- 
inch  piston  pressed  in  with  a  presmirc  of  fiO  ll>«.  per  sqiifLre  inch 
will  communicate  a  pressure  of  60  11m.  to  every  square  inch  of  a 
cylinder,  however  large ;  but  there  is  no  law  of  Constancy  or 
Conservation  of  Force :  there  is  one  of  Conservation  of  Euerg>', 
which  in  this  instance  is  rigorously  respected.  Tbe  work  that 
can  be  done  by  a  second  piston  allowed  to  move  outwards  is 
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(friction  not  being  considered)  equal  to  tliat  done  by  the  compress- 
ing piston,  wliatcver  be  their  respeclivci  areas :  the  range  of  inove- 
raeiit  and  the  aroa  vary  inversely  :  a  smaller  second  piston  may 
be  pushed  throngh  a  larger  space  thnn  the  first,  a  larger  one 
through  a  smaller  space.  In  this  way  machinery  may  be  dnven 
at  the  distance  of  a  mile :  air  is  driven  into  a  tube  ;  at  the  other 
end  of  the  tube  there  is  a  cylinder  connected  with  the  tube,  and 
by  the  alteruating  admisaion  of  the  juessure  to  one  and  the  other 
face  of  a,  piston  movable  in  this  cylinder,  the  piston  is  cau*ed  to 
move,  and  tlie  energy  is  thus  applied  at  a  disLuiice. 

If  pressure  p  will  keep  u  certain  (quantity  of  gas  iu  a  epace 
V,  pressure  2p  is  found  to  be  required  to  confine  witliin  an  equal 
space  twice  as  much  gaa  ;  pressure  sjj  will  keep  x  times  the 
quantity  of  gas  within  the  same  space.  The  densities  in  these 
examples  are  in  the  ratio  1:2:3-,  and  the  pressures  are  pro- 
portional to  the  densities  (tiie  same  kind  of  gas  being  supposed 
to  be  used  throughout)  or  to  the  quantity  of  gas  forced  into  a 
given  space. 

T]i<!  pruwiiruft  buing  pruijorlii'tuil  to  iIjw  ik-ii»ity  luijuiii'd  aiidor  ihcir 
uctiou,  P  ^  P  '•  I*"''  >"  =  *'P  ; 


or  bra  given  iiuiiw,7Jtf  =  c. 


p  tc    —  or  jnt)  (E  tft, 
or  p  oc    — ,  the  uamil  fomi  of  Boyle'a  law. 

V 


This  stateuienb  may  be  otherwise  expressed  iu  the  form  of 
Boyle's  law,  that  the  pressuiii  exercised  by  a  given  mass  of  gas 
varies  iuvevsely  iis  tlie  vuluine  of  the  space  within  which  it  is 
coulined ;  ur  that  the  space  occupied  by  a  given  quantity  of  gas 
varies  inversely  as  tlie  pressure.  Thus,  if  a  quantity  of  gas 
occupying  one  cubic  foot  at  a  jiressnre  of  15  pounds  per  square 
inch  were  compressed  by  a  pist*»n  forced  dawn  with  an  addi- 
tional pressure  of  15  lbs.  per  square  inch,  the  total  pressure 
being  doubled  the  volume  would  he  halved  ;  if,  on  the  other 
hand,  the  pressure  were  diminished  to  half  by  the  piston  being 
pulled  out  with  a  force  equivalent  to  7^  lbs.  per  sq.  in.,  the 
volume  of  the  gas  contained  in  tlie  cylinder  would  be  doubled. 
There  are  no  perfect  gnses  which  absolutely  obey  this  law  at  all 
temperatures  and  pressures ;  but  a  substance  at  a  temperature 
and  pressure  far  removed  from  those  nt  which  it  will  be  con- 
densed into  a  liquid  appro.xiumles  t<j  this  condition. 

Now  suppose  that  a  ([UautiLy  M  of  a  liquid  is  placed  in  a 
vessel  wliich  it  does  not  completely  fill,  every  other  substance,  such 
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as  ftir,  being  removed  from  the  vessel,  which  ia  then  closed.  The 
liquid  doM  not  fill  tlic  whole  vessel ;  it  has  a  free  surface,  Ahove 
this  free  surface  there  is  a  space,  which  becomes  filled  with  ]mrt  of 
the  liquid  siibstfiiK^e,  volatilised  into  a  gaseous  form.  T-et  the  quan- 
tity of  liquid  which  has  assumed  the  gaseous  form  be  represented 
by  y:  the  remainder,  M  —  y,  is  still  in  the  liquid  form.  The  pro- 
portion volatilised  ( ir  of  the  whole)  depends  on  the  temperature 

as  well  OS  on  the  space  which  has  to  be  filled.  At  another  tem- 
|»rature  some  diffeivnt  proportion  will  l>e  volatilised.  When  the 
liquid  is  boated  this  piopnrtion  rapidly  JTicreases.  Hut  as  we 
have  fUready  seen,  the  pre-'isurc  exerted  by  a  confined  gns  depends 
directly  on  the  amount  of  it.  Hence  in  this  case  the  pressure 
exerted  rnpiclly  rises  ns  the  temperature  rises.  Ons  having  this 
relation  to  the  liquid  form  of  the  same  substance,  cuutiiied  with 
it  in  a  vessel  otherwise  empty,  and  in  contact  with  it,  is  called  the 
vapour  of  that  substance;  if  it  be  compressed  or  cowled,  it  partly 
condenses  into  liquid.  Even  though  not  in  contact  with  the 
liiiuid,  if  the  gaseous  form  of  a  substance  be  compressed  or  cooled 
jnst  GO  for  that  any  further  condensation  or  cooling  will  cause 
the  deposition  of  some  of  it  iu  the  liquid  foiin,  it  is  said  to  be  a 
vapour.  In  some  ta.ses  a  vapour  condenses  directly  into  a  solid 
(Arsenious  acid). 

The  term  vapour  is  often  applied  in  a  wider  sense  to  the 
gaseous  form  of  a  liquid  or  solid  substance — -as,  for  instance,  ether- 
vapour,  chloroform-vapour,  the  vapour  of  arsenious  acid;  and 
then  tho.se  vapours  which  are  on  the  point  of  condensation  are 
called  aatxirated  vapours,  while  those  which  can  suHer  a  certain 
amount  of  compraasinn  or  cooling  without  condensation  are  called 
tuuatarated  vapours.  In  thi.i  sense  (with  the  exception,  as  yet, 
of  pentafinoride  of  phosphorus)  all  gases  are  unsaturated 
vapours;  for  they  can  all  be  condensed  by  the  simultaneous 
application  of  sufficient  cold  and  sufficient  proKsure.  Oxyji^en  has 
been  condensed ;  at  a  pi'essiireof  300  atnio-sjihcres,  and  at  thti  tem- 
perature of  —  39°  C  (Cailletet),  there  is  no  condensation,  but 
when  the  gas  is  liberated  it  becomes  foggy  ;  according  to  Pictet  it 
is  liquefied  at  320  atmospheres  and  —  140*  C;  and  then,  upon 
allowing  a  jet  of  this  liquid  to  escape  into  the  air,  the  escaping 
jet  of  liquid  oxygen  becomes  extremely  cold  and  is  partly  solidi- 
fied, while  the  remaining  oxygen  in  the  vessel  becomes  cloudy. 
Hydrogen  treated  according  to  Cailletet's  method  givas  a  mi.it. 
Pictet  evolved   it  under  a  pressure  of  650  atmosjiheres  from  a 
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mixture  of  formiate  and  hyiirate  of  potash ;  the  hydrogen,  on 

being  chilled  by  a  freezing  mixture  to  —  140°  C,  and  allowed  to 
issue  in  a  jet,  a]jpeared  as  a  ateel-lilue  stream  of  liquid,  the  light 
reflected  from  which,  being  partly  polarised,  revealed  the  presence 
of  solid  particlc-s  in  the  lifinid,  while  the  tube  of  exit  became 
blocked  with  solid  hydrogen.  Ozone  is  with  comparative  readi- 
ness condensed  by  Cailletet's  method  t<i  a  biight-hluu  liquid. 
The  tenu  vapour  is  used  in  still  another  sense — that  is,  a 
gas  at  such  a  temperature  that  by  the  application  of  prassure 
alone  it  con  he  condensed  into  a  liquid.  In  thia  sense  carbonic 
acid  below  iJC°'92  C.  is  a  vapour;  above  that  tern pu rat urtt  it  is 
properly  a  gas,  fur  no  amount  of  pressure  alone  will  liquefy  it. 

Tbe  Oritical  State. — Wlien  a  liipiid  and  its  vapour  are 
together  in  a  tube  otherwise  unoccupied  and  are  exposed  to  heat, 
there  arrives  a  temperature  nt  which  the  singular  phenomenon 
of  a  blending  of  the  liquid  and  gaseous  (or  vaporous!)  states  is 
observed.  If  a  capillary  tube,  for  instance,  be  filled  witli  liquid 
CO.  and  slightly  heated,  some  f>f  the  carbonic  anhydride  will 
escape:  the  tube;  may  he  scaled  upland  will  then  ccmtatn  nothing 
but  liquid  COj  and  the  Rdturated  vapour  of  CO^.  If  they  bo 
heated  to  30*92°  C.  and  if  there  he  sufficient  CO^  present  to  pro- 
duce a  ])ressure  above  7ii  atmospheres,  the  fi-ee  surface  of  the 
liquid  becomes  blurrud  and  merges  into  the  superjacent  gas :  above 
tliis  temperature  the  tube  is  full  of  what  appears  to  be  nothing  but 
gas :  if  cooling  he  permitted  there  is  a  llickering  seen  in  the  tulH!, 
and  the  liquid  and  the  gas  again  separate.  Some  say  that  the  liquid 
and  the  gas  mutually  dissolve  each  other;  others  (itamaay)  point  out 
that  the  liquid  CO,  rapidly  becomes  lighter,  while  the  confined 
gas  hecomes  heavier,  at  high  temperatures,  and  that  at  tho  critical 
tempomture  and  pressure  these  two  states  meet  and  become 
undistingutshable. 

If  the  COj  gas  be  exposed  to  a  temperature  above  30-92°  C. 
and  be  subjected  to  any  pressure  above  73  atmospheres,  it  will 
still  be  a  gas  :  allow  it  to  cool,  the  pressure  being  kept  up,  and 
it  will  be  a  liquid  after  it  passes  30"92''  C. ;  aud  yet  the 
transition  is  unchservaMe.  If  pressure  and  terajierature  be 
allowed  to  fall  together,  the  flickering  already  mentioned  is 
prwiuccd. 

If  tlui  liquid  originally  till  tbe  tube  and  then  be  heated  to 
the  criti<ail  tenipcmLure,  the  tube  becomes  filled  with  gas,  hut  tho 
precise  uiodo  of  transition  from  tlie  one  state  to  tho  otlier  cannot 
be   observed.       If  the  tube    thtis   containing  gaseous  COj  at  a 
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bigh  pressure  be  locoll/  cooled,  there  is  local  coadensation  and 
dickering. 

This  tcmpcrnturc,  3092°  C.  for  carbonic  add,  is  cidled  tho 
Critical  Tutu|)i>]-aturti.  If  tho  tcnipcmttn'c  of  the  gas  be  above 
SO'D'i"  C,  no  prcasure  can  condenao  it  into  a  liqnid ;  if  it  be  just 
below  tliat  iM>int.  a  jjrttssiire  of  73  to  75  atinosuheres  is  coraiiet-ent 
to  effect  ita  luiiiefacttoii. 

Water  filling  a  sutticiently  strong  boiler  might  be  exposed  to  a 
low  red  heat,  TSO'B"  C,  and  would  tlien  be  tmosforiDed  into  a  f^^A 
exercising  snch  enormous  pn-'ssures  as  to  make  its  experimental 
determination  excessively  difficult ;  yet  it  is  known  to  pru,sent 
this  plifuomenon  at  that  tempc-raturp. 

As  for  Llie  gases,  oxygen,  hydrogen,  and  tliu  like,  whoso  con- 
densation has  only  recently  been  cfTectcd.  their  critical  tenipera- 
tute  is  very  low  in  the  thermi,>mL'tric  scale,  and  exceeding  cold  is 
a  tteces&ftiy  condition  of  tln-ir  condensation  nndor  prcssun-- 

At  the  critical  ti;nipcmture,  matter  under  suflicienl  pressure 
18  in  the  criliral  Htate;  if  healed  a  little  more  it  is  nnddiibiedly 
gaseous;  if  all u wed  to  comI  a  littlu  it  is  uiidunlitcdly  licjiiid;  and 
if  the  pressure  be  kept  up  the  transition  is  unreeogni sable.  By 
no  optical  test  can  the  liquid  just  below  the  critical  temperature 
id  the  giw  just  above  tliat  temperature  be  distinguished,  if  a 
Ud  be  dissolved  in  n  liquid,  and  llie  whole  be  heated  under 
milicient  prcjwure  to  a  tempemturu  above  tbe  critical  jioint, 
the  liquid  is  now  gas,  and  yet  the  solid  remains  dissolved  iu  it 
(Hanuay).  Iodide  of  potassium,  for  instance,  or  chlorophyll, 
if  dissolved  in  alcohol  and  treated  in  this  way,  will  i-euKun  iu 
si^ution  in  gaseous  alcohol  at  IjriO"  C  There  is  Uittn  luuEer 
varying  pressures  perfect  continuity  of  tlie  liquid  and  the  gaseous 
state  at  all  tenii}emture8  aliuve  the  critical  point ;  and  this 
critical  jroint  is,  in  reierence  to  each  liquid,  t«  be  found  by 
experiment, 

When  gaseous  matter  has  been  rarefied  to  a  very  great 
degree  it  assumes  remarkable  projierties,  nf  which  the  ino^st 
striking  is  that  such  exceedingly  rarefied  goj)  or  ultragaseous 
matter  can  be  induced — as  we  shall  sec  under  Klectriciiy,  p. 
5fi4 — to  exercise  pressure  specially  on  localised  ai'eic  of  the 
walls  of  the  containing  vessel,  and  by  tliis  concentrated  pressure 
to  produce  mechanical  and  luminous  efTecta  characteristic  of  the 
so-called  HadiauL  Matter. 

The  Ether. — We  have  already  said  that  we  caa  know 
mutter  only  by  Ihuse  uf  its  propexties  which  we  perceive  by 
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means  of  our  senses.  The  existence  of  any  form  of  matter  is  to 
us  only  an  inference  from  the  phenomena  to  which  it  gives 
rise ;  and  if  a  large  group  of  phenomena  find  their  best  or  their 
only  explanation  in  the  assumed  existence  of  a  form  of  matter 
of  an  unfauiiliiir  kind,  tlie  evidence  for  its  existence  is  uf  exactly 
the  same  character  as  thai  oa  the  grcuud  of  which  vm  believe 
ourselves  entitled  to  assert  the  existence  uf  any  kind  or  form  of 
ntatter  whatsoever.  The  phenomena  of  Light  are  best  explained 
as  those  of  undulations;  but  undulations — even  in  the  most 
extensive  use  of  the  term,  as  signifying  any  periodic  motion  or 
condition  whose  periodicity  oI>ey8  the  laws  of  wave-motion — 
must  he  propagated  through  some  medium.  Heat  while  passing 
through  space  presents  exactly  tlie  same  nnrhilatory  character 
and  requires  a  medium  for  its  propagation.  Electrical  nttraction 
and  repiUsion  are  explained  in  far  the  most  satisfactory  way  by 
considering  them  as  due  to  local  stresses  in  such  a  medium. 
Cun-ent  electricity  seems  due  to  a  throb  or  series  of  throbs  ii 
such  a  medium  when  released  from  stress.  Magnetic  pheno- 
mena seem  due  to  local  whii'Ipools  set  up  in  such  a  medium. 
And  the  assumption  of  the  existence  of  a  single  medium,  with 
properties  of  great  simplicity,  will  explain  these  varied  phenomena 
and  even  co-ordinato  them :  thus  the  west  or  the  trungli  of  a 
light-wave  or  a  heat-wave  is  a  point  of  maximum  displacement 
or  maximum  tension — exactly  the  condition  of  the  medium 
during  the  persistence  of  electric  attraction  or  repulsion,  that  is, 
the  Kloctrostatic  condition ;  the  middle  point  of  the  wave  is 
changing  its  position  or  condition  with  rapidity — exactly  the 
condition  of  the  medium  during  the  pnssagc  of  a  current,  tho 
Klectrohinetic  condition ;  thus  light  and  heat  are  explicable  as 
electromagnetic  disturbances  of  rapidly-alternating  character;  and 
this  leads  to  the  coticluslon,  sustained  by  experiment,  that  the 
Telocity  of  light  should  be  equal  to  the  rate  of  propagation  of  an 
electric  disturbance  through  a  medium  of  this  kind.  We  are  led 
to  infer  therefore  that  tlmre  is  such  a  medium,  which  we  call  the 
Luminifemus  Ether,  or  simply  the  Ether ;  tliat  it  can  oonvey 
energj' ;  that  it  can  present  it  at  any  instant  i>ar!t.ly  in  the  form 
of  kinetic,  partly  iu  tliat  of  potential  energy ;  that  it  is  therefore 
capable  of  displacement  and  of  tension  ;  and  that  it  must  have 
rigidity   and  elasticity.      Calculation   leads   us  to  infer  that  it« 

density  18   (Clerk   Maxwell)  ,00O,000t.O0,O0000O,0000(l0  '^''*'  °^ 
water,  or  cqnal  to  tliat  of  our  atmosphere  at  a  height  of  about 
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210  milea,  a  density  vastly  greater  than  Uiat  cf  the  same 
atmosphere  iu  the  iuterslellar  spaces ;  that  lis  njfidity  is  about 

lOonQbtiiVdo  ^^  °^  ^'^^^ — hencG  that  it  is  eaaily  disiiloceahle 
by  a  moving  mnas ;  that  it  is  not  discontinuoua  or  granular ;  and 
liencc  that  as  a  whole  it  may  be  compared  to  an  impalpable  and 
all-jierTading  jelly,  through  which  Light  and  Heat  vaT>es  ore  con- 
stantly throbbing,  which  is  constantly  being  set  in  local  strains 
and  released  from  them,  and  being  whirled  in  local  vortices,  thus 
producing  the  various  phenomena  of  Electricity  and  Magnetism  ; 
aud  through  wliich  the  particles  of  ordinary  matter  move  freeJy, 
encountering  but  little  retardation  if  any,  for  its  elasticity,  as  it 
doses  u])  behind  each  mo'viug  particle,  is  approximately  perfect 

Change  of  State. — Work  must  be  done  upon  a  solid  in 
order  U>  cuuvert  it  into  a  liquid :  energy  must  in  some  form  \>q 
imparted  to  it  This  form  may  he  that  of  Heat,  directly  applied 
au  as  to  fuse  the  solid.  In  such  a  ciise  a  [lelinite  amount  uf  the 
energy  imparted  in  the  form  of  Heat  apparently  diaappears  (see 
Latent  Kent,  p.  324)  for  it  does  the  mechauical  work  of  liquefying 
the  solid  If  the  liquid  again  ussume  the  solid  form,  as  in  freez- 
ing, the  procftss  is  reversed :  the  energy  absorbed  during  liquefac- 
tion gradually  reappears  in  the  form  of  heat,  which  must  be 
dissipated  before  the  freezing  can  become  complete. 

If  a  solid  body  simply  assume  the  liquid  form  without 
haviug  e.xtenial  beat  or  other  energy  applied  to  it,  the  absorption 
of  some  of  the  heat  of  the  body  itself  residta  in  a  cooling  of  the 
substance,  as  in  the  case  of  a  fjeeziug  mixture,  where  eeitain 
chemical  salts  being  dissolved  in  cold  water,  the  i-esultaut  solution 
is  found  to  bo  extremely  cold. 

^Vgaiu,  where  two  cliemieal  elements  combine,  their  combina- 
tion is  generally  attended  with  heat,  the  elements  losing  their 
potential  energy  of  separation.  The  supply  of  an  eiLuivalent 
amount  of  energy  from  without  is  noceasory  iu  order  to  reverse 
the  process  of  combination — that  is,  to  effect  chemical  separation 
or  decomposition.  When  the  processes  of  chemical  combination 
and  liquefaction  go  on  together — the  pro<hict  of  the  combination 
of  elements  of  which  one  or  both  are  solid  being  itself  liquid — 
the  resiUt  may  be  that  the  cooling  effect  of  the  latter  action 
exceeds  the  heating  effect  of  the  funaer ;  th;is,  iu  the  union  of 
carbon  and  sulphur  to  form  earbuu-disulpkide,  which  is  a  liquid, 
theab8ori)tion  of  heat  duo  to  liquefaction  is  greater  than  the  evolu- 
tion of  heat  dtic  to  combination,  and  the  action  stops  unless  heat 
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be  supplied  from  wiUiuHt.  Oji  liie  other  liatiti,  in  the  combina- 
tion of  quicklime  with  wiiter  to  form  ahikwl  lime,  we  find  much 
heat  evolved — partly  due  to  the  chemical  combination,  partly  to 
the  liquid  WBter  assuming  a  solid  ibnn. 

The  tmnsfonuation  of  a  solid  into  a  fjas  iii  a  like  luaimer 
involves  the  expenditure  of  heat  or  some  otlier  form  of  euerg)' 
in  perfonuing  the    mechanical  work  of  volatilisation.      Suow 
evaporates  in  a  cold  Mgh  wind ;  arsenic  trioxide  under  oidiuary 
atmospheric  pressures  is,   without  melting,  volatilised    by  beat, 
while,  if  a  sufficient  pressure  be  applied,  it  melts  before  volatilis- 
ing.    Dr.  Caxuelley   £uds   that  in  a  similar  way  ice,  if  heated 
under  au  exceedingly  small  pi-essure,  ma}'  bo  reudered  very  hot 
(180°  C),  and  will  volatiliao  freely,  yet  without  melting,  unless 
the  pressure  be  allowed  t*)  exceed  a  certain  low  niaxiuuim,  which 
he  calls  the  critical  pressure,  this  being  verj-  low  for  water,  veiy 
high  for  arsenic  triuxide.     A  sheet  of  metal  may  be  dissipated 
iu  vapour  by  an  electric  discharge,  part  of  tlie  energy  of  which 
Lecorata  spent  ill  producing  this  mechanical  ePfect.      Again,  in 
dbemical  combination  we  often  see  the  conversion  of  solids  into 
gases.     Carl>on  and  oxygen  combine  to  form  carbon  monoxide  ; 
of  the  heat  which  is  ovolvcil  by  the  miiou  of  the  elements,  a  large 
part  is  absorbed  in  rendering  the  solid  carbon  gaseous.    If  the  CO 
produced  be  iu  its  turn  burned  so  as  to  fonu  CO^,  none  of  the 
heat  of  comhiuation  of  oxygen  and  carbon-monoxide  is  absorbed 
in  doing  ntechanicol  work  of  this  kind,  and  the  amount  of  heat 
evolved  in  the  second  stage  i>f  the  production  of  COj  is  greater 
than    that   evolved   in   the  lirst.      Convei"se]y,  where  two  gaaes 
produce  a  solid,  as  chlorine  and  solphuretted  hydrogen  do,  the 
amount  of  heat  liberated  ia  determined  not  only  by  the  amount 
of  energy   absorbed   iu   decomposiu;,'   H.:^,  and   by   the   amount 
liberated  by  tlio    union  of    Hj   and   CI^,  but  also  by  the  fact 
that  the  sulphur  is  dcposiUid  in  the  solid  form. 

If  a  liquid  were  exposed  to  nn  indefinite  and  perfect  vacuum, 
it  would  evaporate  at  once  at  any  temperature  above  the  absolute 
zero.  If  it  be  exposed  to  an  imperfect  vacuum,  it  will  still 
evaporate  readily,  but  not  so  readily  as  before,  for  iu  vapour 
must  be  able  to  force  its  way  from  the  liquid  and  against 
the  su perineum l>eiit  pre8.>iure.  Tf  the  pressure  be  gieat,  the 
amount  of  heat  which  must  he  applied  to  the  liquid  in  order  to 
enable  it  to  overcome  this  resu^Lance  and  to  enter  into  ebullition 
is  alao  greater,  and  the  Tioiling-point  of  a  liquid  iucreases  with 
the  pressuca 
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]>t  a  Ii<)iii4l  b«  siippiwed  lieattHi  in  a.  vruel  pi-uviiied  wil}i  n  pitttnn,  by 
means  of  which  prewiin)  ^ah  Iw  »-x«riuwii  on  tlic  wmt#nU  nf  tlw  wwn^l  ;  th* 
veaael  l)euig  supposed  of  niiy  cntTiciL-nl  U'ugtlt.  Ttip  li'^tuil  ii>  b«at^l  juul 
ooitvert«d  into  vapour  ;  the  \-iijKnir  fnrcL-s  out  Uie  jiiiflon,  and  the  external 
air  puflbiM  it  is  ;  the  pintail  resU  vrben  the  oxteinial  and  internal  pressures 
ora  equal.  If  wo  pretw  home  the  piston,  the  vapour  is  partly  coiidensad  :  to 
ntaJD  it  ID  thi;  giuuuu;*  fonu  we  iiiuitt  ttiiuultaituoa-ly  apply  ti  Mronger  beat. 
TliU  process  may  Ijc  ^upputwil  a)iitiiiui;il  lill  at  a  cL-riiiiu  hi^^h  tviii]HimtUK 
(the  "critical  icniperalupo  ")  oiid  ^jivat  prcMurc  w«  liavi:  the  whule  of  the 
liquid  evaporated,  and  tt£  vapour  coniprvaMid  int^)  the  mmc  xpact-  as  the 
oiigiD&l  liquid.  If  expanxion  he  alloj^ither  prevented,  thin  pmce'W  ia  con- 
tiniioni^  and  the  tcmporature  at  which  wattT  can  lie  wholly  converted  into 
vapour  under  «ich  circumBtanccH  ia  720'1t°  C, 

LiquidM  n«',  a»  a  nilf,  inon*  bulky  ihau  the  forre«pOTidiii;i  solidn  ;  hcnc« 
iution,  which  involves  expansion,  obeys  the  mudc  law  a-i  evaporation,  which 
«iw  iDVoIviMi  ex|»Q»ion ;  it  is  hindered  by  pi«uut«,  and  the  fuBin;;  point, 
Uko  the  boiling  jxtint,  is  raised  bypranue.  A  fewli<]itidK — water,  cast-iron 
— on  denser  than  their  eolid*.  In  fnch  a  case,  an  increase  of  pressure  may 
bu  mid  to  prv:<lispu9u  the  jiarticles  to  oet  into  the  more  compact  an<l  deti«er 
rorDi,  the  liij^uid  form,  and  fuHio^.  is  facititatcii  hy  pn^ssuiv.  Thus  the  invltiug 
point  of  ioB  is  lowered,  thut  ui'  uiost  otbvr  solid*  raitsud,  hy  pruwutv. 

Cliange  of  stiUe  itivolveM,  tlu;u,  either  an  absorption  or  a 
liberation  of  energy;  auU  tlif-  amount  of  energy  which  must  be 
supplied  to  II  body  in  oiiler  to  enable  it  to  undergo  a  cliaii<^«  of 
gUte  depends  on  the  prensurc  which  teuda  to  resist  or  to  favour 
Mich  a  change,  as  well  as  on  tlie  intrinsic  energy  which  it  already 
possesses. 

There  is  no  kntiwn  means  of  effecting  any  transfonuBtioii  of 
matter  in  any  of  ita  ordinary  fatmsi  into  the  Ether,  or  rw  versS. 


The  CoNSTiTtrrios  of  Mattkk. 

The  question  aa  to  whether  Mutter  is  or  is  not  infinitely 
divisible!  has  been  made  the  basis  of  mueb  acute  speculation ;  but 
it  h  only  within  this  century  that  any  serious  proof  has  been 
addueerl  in  favour  of  an  atomic  theory,  or  theory  according  to 
which  matter  is  considered  as  inadi!  up  of  imlivisible  particles. 
According  to  this  \ieve,  matter  consists  of  particles  or  Atoms,  each 
of  which  it  is  impossible  with  our  present  appliances  to  divide, 
and  the  division  of  which,  if  it  were  possible,  would  probably 
result  in  the  subversion  of  our  ideas  as  to  the  apparently  funda- 
mental nature  of  some  of  the  properties  of  matter. 

Chemical  Views. — The  probability  uf  this  atomistic  view 
waa  raised  almost  to  the  rank  of  certainty  by  the  rtseatches  of 
suucussivu  chemical  investigators.  It  was  ^st  foimd  that  as  a 
role  every  definite  cheniicul  substance  in  a  »tal«  of  purity  had 
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ulwaya  the  same  constitution ;  that  an  analysis  effected  for  one 
pure  sample  of,  say,  oxirle  of  leail,  was  applicable  to  every  other 
pim»  wimjile  of  the  same  substance.  Hence  the  law  of  Fixity  of 
Proportions  in  chemival  compounds. 

Itut  it  was  remarked  that  the  aume  Bubatunce.s  often  uniltj  in 
dilTurcnt  proportions  to  form  compounds  possosscd  of  esseutiiiily 
ditterent  properties.  Carbon  and  oxygen  thua  unite  to  form  two 
well-known  compounds,  of  which  the  percentage  compoaitiona  are 
respiictively : — 

Carbon   .     .     .      42-85  Carbon    .     .     .      27-27. 

Oxyxcn  .     .     .     67-14        '  Oxygen   .     .     .     72-72. 

.Analytical  resnlU  tabulated  in  this  way  are  not  very  instructive ; 

42-85 
but  if  the  second  example  be  multiplied  by  „,.yy  we  find  the 

roapGctlve  ratios  to  become 


Carbon  ...     4 
Oxygeu  ...     5 

or  in  round  immbera, 

(Carbon  . 
O.xygen  . 


anil 


f'arhon 
Oxygen    . 

Carbon  . 
Oxygen  . 


42-85. 
114-28. 


8. 


Here  wo  find  that  the  same  quantity  of  carbon,  united  in  che  one 
compound  (carbon-monoxide)  with  a  certain  quantity  of  oxygen 
is  in  the  otlier  ^carlionic  anhydride)  united  with  twice  the  quan- 
tity uf  that  element.  From  a  htr^'t>  numbp.r  of  instanues  of  this 
kind  woa  evolved  the  Law  of  MtUtiple  FroportionB — that  the 
same  substances  may  form  a  aeries  of  different  compounds  by 
uniting  in  several  fixed  proportions  which  bear  a  wliole-n umber 
ratio  to  eacli  other.  Nitrogen  and  oxygen  thus  form  five  com- 
pounds, in  which  the  nitrogen  and  oxygeu  are  present  in  the 
respective  ratios  of  14:8.  14:16.  14:24.  14:32.  14:40;  and 
in  this  case  the  quantities  of  oxygen,  united  with  a  fixed  quantity 
(14)  of  nitrogen,  bear  to  one  another  the  relative  ratios  of 
1:2:3:4:5.  Iron  has  two  oxides,  in  which  the  iron  and  the 
oxygen  bear  to  one  another  the  reajiective  ratios  of  28  :  Ifi  and 
28:24;  here  the  quantities  of  oxygen,  united  with  the  same 
quantity  of  iron,  bear  to  one  aiioLliLM-  tlit^  nitiu  2  :  l>. 

Then,  fnrtlier,  the  law  of  Chemical  Equivalence  was  formu- 
lated :  chemical  quantities,  which  are  equivalent  to  the  same  thing 
as  regards  power  of  doing  chemical  work  or  forming  chemical 
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compounds,  ate  eqiiivdlent  to  one  ftnother.  One  part  by  weight  of 
hyJrogen  will  combine  with  eight  of  oxygen  (7*98155  ±'001 75); 
80  will  108  parts  of  silver  <107-3i>t3).'  108  pts.  of  silver  and  1 
of  hydrogen  are  mutually  equivalent,  for  they  can  both  do  the 
some  chemical  work — ■they  can  enter  into  combination  with  8 
pts.  of  oxygen ;  and  they  are  both  cquivnlent  to  the  8  pts. 
of  oxygen  with  which  thoy  can  cnrabino.  If  now  it  lie  found 
that  1  pt^  by  wt  of  hydrogen  can  cninhine  with  Sfi'S  (35-478) 
pts.  by  wt.  of  chlorine,  then  the  law  asserts  that  the  equivalent 
quantity,  108  pts.,  of  silver  shonhl  also,  in  its  turn,  be  able  to 
combine  with  an  equal  (pmntity,  35-5  pts.,  of  chlorine.  This  law 
is  a  genemtisation,  based  upon  facts  determined  by  the  aid  of  the 
balance,  and  independent  of  theory ;  and  this  law  of  equivalence, 
so  based,  though  it  be  too  sweepinj^  a  general iuati on  to  be  now  ac- 
cepted in  it»  full  sense,  yet  did  useful  service  in  its  day  in  enabling 
tables  of  Equivalent  Nuniberi*  or  of  Combining  Proportions  to 
be  drawn  up,  and  a  system  of  Cbeniicat  Fonnuhe  to  be  devised, 
based  upcn  these  etiuivalents.  According  to  thie  system,  the  com- 
position of  water  was  symbolised  as  HO ;  tliis  synilHil  might  be 
read  in  words  as — one  equivalent  of  hydrogen  and  one  of  oxygen 
united  ti>  form  one  equivalent  of  water.  The  s}iiibol  of  hydrogen 
peroxide  wa.'^  HO^ ;  one  equivalent  (1  pt.  by  wt)  of  hydrogen  com- 
bined with  two  equivalents  (2x8  =  16  pts.  by  wt.)  of  oxygen. 

When  such  facts  as  these  were  known,  a  reasoned  explana- 
tion of  them  was  sought.  None  that  offered  waa  so  plausible  as 
Balton's  atomic  theory*,  a  revival  of  the  old  hj-pothesis  of  Lcucip- 
pus,  Deniocritus,  and  Lucretius,  that  matter  consist'^  of  atom.*?, 
coupled  with  the  proposition  that  the  atoms  of  the  diflerent 
elements  have  different  relative  weights.  According  to  this  view 
the  .smallest  mass  of  water  must  consist  of  an  atom  of  hydrogen 
and  annthci'  of  oxygen,  their  relative  titonuc  weights  being  1  and 
9  ;  and  these  are  coiniccted  as  one  might  couple  together  a  ball 
of  wooij  and  one  of  lead.  More  complex  aubstancea  were  pro- 
duced by  the  union  of  a  greater  number  of  such  atoms — aa,  for 
instance,  HOj,  NOf,.  (KO,  HO),  etc. ;  and  the  symbolic  fonnulfc 
were  then  iisud  to  denote  the  relative  number  of  such  atoms 
entering  into  the  formation  of  compound  substmices. 

But  it  was  found  that  the  system  of  forraulie  based  upon  the 
facts  of  equivalence  did  not  work  well  when  made  to  signify  the 
relative  numbers  of  atoms  united  to  form  a  compound.  The 
equivalent  numlier  for  carbon  was  6,  because  that  quantity  of 
carbon  was  equivalent  (in  carbonic  oxide)  to  8  of  oxygen,  which 
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iiuantity  was  in  its  turn  equivalent  to  the  stanJard  unity  <jE 
hydrogen.  In  marsh  gna  C  pta.  by  wl.  of  carbon  are  found  to  be 
combined  with  2  of  hydrogen — i.c,  with  two  equivalents ;  hence 
the  forrauhi,  according  to  this  system,  must  be  CHj,  It  is  known, 
however,  tlmt  one  fourth  of  the  hydrogen  can  be  replaced  liy  half 
an  e<inivalent  (17-J  pts.  by  wt)  of  chlorine,  forming  ClT,^Clj : 
an  expression  intelligible  though  cumbrous  wlien  read  in  the 
language  of  equivaleuts,  but  absurd  when  read  in  terms  of  the 
fttomic  theory.  This  last  formula  had  accordingly  to  l>e  modified 
to  C^gCl ;  and  then  the  oi'^,dnal  marsh  gas  had  to  be  supposed 
inTariably  to  untur  into  reactiuus  as  ^CH^,  or  else  its  fonuula 
must  lie  muiltlied  to  CjH^.  Tlie  latter  is  the  moi'e  natural  sup- 
position. It  was  pointed  out  ((rerhardt)  that  tliroughout  the 
whole  of  the  chemiary  of  thu  carbon  comfjounds  similar  reason- 
ing shows  that  if  the  atomic  weight  of  carbon  be  6,  the  atoms 
always  appear  in  reactions  in  even  numbers ;  whence  the  infer- 
ence is  obvious  that  the  at  wt,  of  carbon  must  be  1 2,  and  tho 
proiTcr  formula  of  marsh  gas  in  CH .  Tu  a  similar  way  it  was 
shown  that  the  assumption  that  the  atomic  weight  of  oxygon,  as 
well  as  its  equivalent  number,  is  8,  leads  to  the  invariable  appear- 
ance  of  Oj,  or  of  an  even  number  of  oxygen  atoms  in  every  e<iua- 
lion;  wheuee  tlie  atomic  weight  of  oxygen  must  be  IG  ;  and  the 
Atomistic  fonuula  for  water,  as  dislinguished  fitjm  ilm  Equivalence- 
formula,  must  bo  HjO.  Thu  atomistic  fonnul;v  now  in  use  do 
not  directly  make  use  o£  the  idea  of  etjuivalence  :  they  denote 
the  number  of  atoms  of  which  the  Molecule — a  fntitful  idea,  due 
to  Avvogadro — is  made  up.  The  symbol  HjO,  for  instance,  sig- 
nifies R  molecule  of  water,  made  up  of  two  atoms  of  hydrogen  (at. 
wt.  =  1)  and  one  of  oxygen  (at.  wt.  =  IC).  When  attention  was 
first  directed  to  this  mode  of  ropresoutation,  it  was  found  to  be 
entirely  iu  accord  witli  the  half -forgotten  researches  of  Gay  Lussac 
on  the  relative  volumes  of  gases  which  enter  into  combination. 
He  found  that  one  volume  (say  1  cubic  cm.)  of  oxygen  and  two 
(2  cub.  cm.)  of  hydrogen  unite  to  form  two  volumes  (2  cub.  cm.) 
of  water-vapour.  Tlie  atomistic  equation,  on  the  other  hand,  is 
O  +  2H  =  HjO ;  that  is,  one  ut&m  of  oxygen  unit^  with  two  of 
hydrogen  to  form  a  luolecide  of  water.  Tliese  two  statements 
are  closely  parallel ;  and  the  molecule  H^O  formed  occupies  in 
the  state  of  water- vapour  the  same  space  as  the  original  two 
atoms  of  hydrogen, 

Similarly  it  had   been  found  that  the  electric  spark  decom- 
posod  2  cc.  NH^  into  1  ca  N  and  'A  c.c.  H.    The  equation  is 
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One  molec. 
2  c.c. 


N 

One  atom. 
1  cc. 


H, 

TiiTOc  atoms. 

3  cc 


Here  again  the  molecule  of  tliu  compounil,  NH,,  occupies  the 
same  space  as  two  atoms  of  hydrogen. 

So  forth  ;  the  general  rule  is  that  the  molecnle  of  any  com- 
ponnd  in  the  gaseous  state  occupies  the  same  apace  as  two  atoms 
of  free  hyilTOgen, 

Ilcni-e  we  may  provUionall)'  entnbliBb  a  ijeneral  rule,  subject  to  exccp- 
tiouii  further  to  apptuit : — If  in  a,  cheuiical  et|uiitiijQ  ivlattcg  to  giu>es  we  write 
"S  vols."  under  every  complete  molecule,  lunl  "  1  voL"  under  every  atom  of 
any  element  uutcriug  hito  or  i-e^niltia^  fi'ota  the  reaction  in  tlic  fm;  sieie, 
We  leani  the  nslnlivc  voIuiiiuh  uf  tia'  gaeva  toijctiriw!<l  In  lliL*  rutctiuru  Thus, 
if  alcohol-vapour  be  burned  in  oxygen, 

Alcohol- vapour.  Oxyj;^D.      Carbonic  anhyilridc.        Water-vapoor. 

CjHjO  +       60         =  2CO,  +         3  HjO. 

One  inoleciilL*.  Six  BtotnR.     Two  niolnjculpa.         Three  iiniIwculeB, 

3  vol*.  6  voIf.  4  vols.  6  voU. 

TliuB  a  8y»tem  of  tiiniations  based  on  Uie  atomic  tlieory  is  found 
rt!a<iily  to  give  important  infuruiatiou  beyoniJ  what  it  was  tleaigned 
to  give.     This  lends  probability  to  the  syatem. 

The  Molecule  of  a  compound  suhatauce  is  the  smallest  mass 
that  can  exist  in  the  free  state.  If  we  could  break  up  a  molecule 
we  wonld  sever  it  into  its  constituent  atoms — as  EOl  into  H  and 
CI — but  we  WQiiJd  destroy  the  suUstance  on  wliieh  we  operated, 
as  such.  A  molecule  of  hydroclJoric  acid  contains  2,  one  of 
protoplasm  from  "TOO  to  lOOO  atoms. 

Wiat  is  the  condition  of  elementary  substances  in  the  free 
stale  ?     Here  audi  eq.uations  as  llie  following  come  to  our  aid  :- — 

GuH  +  HCl  =  CnC'l  +  HH, 
AgjO  +  HjO.  =  Ag,  +  00  +  H,0 ; 

and  WQ  learn  that  the  molecule,  evea  oE  an  elementary  substance^ 
consists  of  two  atoms,  and  we  find  by  exiwriment  that  it  occupieSt 
like  the  compound  molecules  ah-eady  discussed,  the  tuxmo  space  as 
two  atoms — ie.,  one  molecule— of  hydrogeiu  All  molecules,  simple 
as  well  as  compound,  are  thus  seen  each  to  occupy  the  same  space; 
and  conversely,  the  same  space  must  be  ocuupie<l  by  an  e(|ual 
nimiber  oF  molecules  of  whatever  kind  they  be.  Tliis  is  the  ex- 
tremely important  law  known  by  the  name  of  Av^ogadro.  All 
gases  (at  the  same  temperature  and  pressure)  consist, 
within  equal  volumes,  of  equal  numbers  of  molecules. 
This  is  a  general  law,  and  its  direct  consequence  is  that  the 
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apecific  gravity  of  every  gaa,  at  a  given  temporature  and  pressure, 
as  compared  with  that  of  hydrogen  under  the  same  conditions,  is 
the  rulativo  weight  of  a  mokcule  of  tlie  gaa  as  compared  with  the 
molecular  weiyht  (  =  U)  of  hydrogen.  Thus  the  molecular  weight 
of  alcohol,  CjHp,  is  24  +  5  +  16  =  46  ;  tliat  of  hydrogen  =  2  ; 
the  single  molecule  of  alcohol  is  twenty -three  times  as  heavy  aa 
tliat  of  hydrogen,  and  accordingly  the  density  of  alcohol-vapour  is 
twenty-three  times  that  of  hydrogen,  other  things— temperature 
and  pressure — being  equal. 

TTiewi  arc  aomc  apparcot  vxceptioiiK.  Mercury  -  vapour  which,  if  two 
atouu  formed  iU  inokculc,  woiiW  have  a  luolecolar  weight  of  400  and  n  sp.  ff. 
of  200,  hns  a  itp.  gr.  of  ouJy  100  ;  hence  its  niolec  wL  (twice  iU  sp.  gr.)  is 
only  800,  mid  it«  molecule  coiituius  ouiy  one  atum.  Cudiniuiu  aad  tioc  huve 
alK)  uiuuBtouiic  luolcculi:*)  wlieu  iu  the  sUlo  uf  vapour.  FIioKpliorus  and 
iinronk  va]Jouri  hiive,  un  the  other  baud,  an  uxccksivc  pp.  gr.  ;  ibiiL  of  plios- 
pliorus  is  62,  luad  iti^  iiiok-c.  wL  uiunt  be  124,  hut  iU  at  vfU  is  uuiy  31  ; 
hence  its  uukculu  must  uoutain  four  atomc.  The  iiiolccule  t>f  iLnuuiu  is  also 
t«lratoniic,  while  Uiat  of  ozone  is  triat4]Riic. 

H«nce,  to  proviJe  for  these  cxcpplionnl  ini>tnncci«,  wa  mnn  revise  the  rule 
provisionjilly  laid  dnwii,  iind  (uljuil  it  u.*  follows  ;  To  fi^ml  the  Tflntive  voluniea 
of  ffitcii  niilcring  or  leaving  n  reaction,  niodify  the  equation,  so  that  it  repru* 
eenbi  no  free  j^aMoiu  atoms  ^^^  only  complete  gaseous  molecules  ;  thca  undi-r 
every  complete  gaacaufl  molecule  write  "  1  vol."     Thna — 


Hg                                  +                                  0 

= 

HjO 

bocuuiia  2Hy             +             0„ 

= 

2HjO. 

Two  luulccH.             One  ninlec 

Two  nioIec& 

2  vols.          +         1  vol. 

= 

2  vols. 

The  equation 

OjHjO          +              60              = 

SCO,          +               3H,0 

booomes  CjHgO          +              30^             = 

2C0j      +          ail  jo. 

One  molec            Three  iloIcim", 

T« 

:o  niolaca.        Three  tnoloca. 

1  vol.        +          3  voU            = 

2  vola.      +       3  vob. 

A^ain,  the  Mjiiation 

3CuP^0„         +         IOC      =      C\PjOg 

+ 

1 OCO        +        4P 

hwuiiiix 

SOiVp,,        +        IOC      =      CajP^O^ 

+ 

lOCO        +        P^. 

Ten  tnolecs.      One  molcc. 
10  voK  1  vol. 

Another  order  of  cii-<^pti"ns  !»  pnfwuted  in  rtisea  of  DtHHociation  or 
Thermo  I  THi!*.  IVhtu  NH^Cl  iK  volHtiEimtl,  its  vapour  has  half  the  »p.  gr.  iu- 
cated  by  Itie  iihovr  Ihi-nrj- ;  in  other  words,  it  occupies  tw-ice  the  theoretical 
volume.  This  w  I)i.<uiiif«  a  molecule  of  NH,01  is  in  reality  !>plit  up  into 
Rfpiimte  molecnlf*  of  NJIj  and  HCl  (wliicli  uiay  be  partly  »epamt«ii  by  diffu- 
fMu),  iMtch  of  which  occupies  tliu  wliolc  ximx  ihut  the  ori^iiud  single  niulcculu 
would  have  been  iihle  to  till  if  it  hod  not  been  dceonijmsud  by  the  heat 
applied.  Similarly,  a  uioU'cuL^  of  ulIoiuuI  vuhitiliiaed  occupica  tvicff  ita  normal 
volume  ;  for  inBt«ad  of  a  ainghr  molecule  of  H^jClj  we  hnvc,  ba  the  re.«ult  of 
diuoctstion,  a  uiolecub  of  HgCl^  and  another  moUccule,  complete  though 
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n»matomic,  of  rnvrcurj,  «acli  tif  th^w  lunleculM  iodependvntljr  taking  Qp  at 
niDch  apace  as  the  original  H;;:gClj  would  have  oci:opied  if  it  Um\  uol  Infii 
decomp<.<<»ed.    Sy  Htvfo  apparent  exception's  At'vogodro's  law  ix  tbus  coofmuvd. 

Upoa   this   basis   has  been   ercctod   the  modem  science   of 
Chemistry,  aim  of  tli«  leatlinj;  auxiliary  idena  in  wbich  is  tlinl  of 
the  Atomicity  of  iiii  atom — the.  number  of  atoiiia  nf  hydrogen  which 
an  atom  of  any  suhstaiKuj  in  qiiestioti  can  coiiiliine  with  or  rtsplace. 
Whether  the  special  nuiniitir  of  tliought  and  expression  of  parti- 
cular chemists  be  or  be  not  adopted,  the  theoretical  chemist  can 
flardly  express  himself  without  making  some  use  of  the  well-known 
(Jraphic  FormalsR  by  means  of  which  the  relations  of  the  atoms  in  a 
molecule  may  be  indicated  or  sugj^'cstod.    Yet  this  mode  of  repre- 
Bentatiou  is  sadly  delicieut,  although  exceedingly  useful  and  sug- 
ivc.     It  gives  a  factitious  representation  in  one  plane  of  a 
[Btaticol  condition  of  tlie  molecule :  it  does  not  account  for  tho 
'energy  possessed  by  a  molecule  in  virtue  of  any  one  uiTau<4oment 
of  its  alums,  as  compared  with  that  possessed  by  a  moleculo  of  an 
isomeric  compomul  in  virtue  of  another  disposition  of  atoms  of 
^tlie  same  kind  and   nuinbor;  and,  iiidoed,  it  scarcely  touches  as 
1  yet  at  any  point  tliB  physical  molecule  or  atom  with  which  perfect 
knowledge  would  presumedly  show  it  to  Ije  identicii!.     Still  the 
attempt  is  being  made  to  bridge  over  the  gap — as,  for  example,  by 
the  researrlies  of  Le  Bel  and  Van't  Hoff,  who  trace  out  such  relations 
,  as  those  between  sj7nmetrv  of  the  molecule,  as  in  the  case  of  propi- 

I 
ouic  acid,  H-C-H,  and  the  absence  of  votary  power  as  affecting  the 

COOH 

plane  uf  ijularisatiou,  oa  the  one  band,  aud  on  tlie  other  between, 
graphic  asvmmetry  of  the  molecule,  as  in  the  case  of  lactic  acid, 

CH,' 

1 
HO-C-H.  and  tlie  possessiou  of  this  rotaiy  (xiwer.     But,  on  tlie 

COOH 

whole,  Chemistry  and  Physics,  which  should  bo  parts  of  one 
dynamical  science  of  matter  and  energy,  are  atill  separated  hy  a 
wide  gap,  and  one  great  stride  wliicb  the  Science  of  the  future 
has  to  take  is  that  of  assimilatiDg  the  theories  of  the  physical  and 
the  chemical  molecide*.  and  thereby  stepping  over  this  gulf. 

Physical  Views. — Physicists  have  been  obliged,  independ- 
ently of  dieuusts,  to  develop  mechanical  theories  of  the  molecule 
or  the  atom,  as  they  have  iudifTereutly  termed  it.     That  such  n 
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Uiing  does  exist  is  manifest  to  Ibem  on  several  grounds.  Not  to 
specik  of  compressibility  and  purusitjof  matter  as  shuwiog  that  it 
does  not  entirely  fill  space,  we  learn  from  Cauuby's  investigations 
that  if  hght  be  a  wave-motion,  there  would  be  no  dispersion,  no 
prismatic  colours  of  tbcs  spectrum,  if  the  gloss  of  the  ilisjiersing 
prism  were  cniitinuoua  or  were  of  a  granular  Btruetiire  witli  inde- 
finitely small  grains.  Accr)rdtu<;;  to  him  matter  must  he  distinctly 
grauular,  whether  il  he  discontimmua  or  Tiot,  and  ita  granulations 
mnsi  not  be  greatly  less  in  rlianieter  than  ahont  jq^qq  of  the 
wave-length  of  the  shortest  wave  of  light — i.<r.,  about  yfnnfWrro 
mm.,  or  about  sqoojtoooo  '"'^'*-  ^^'^  William  Thomson  finds 
that  there  must  be  from  200  to  600  molecules  in  one  wave-length. 
He  &Lao  finds  by  his  Elcctrometor  that  plates  of  copper  and  zinc 
exert  a  certain  measurable  attractive  force  upon  one  another.  An 
indefinite  number  of  plates  would  multiply  this  attraction  to  an 
indefinite  Eunount ;  and  if  such  plates  were  allowed  to  come  togetber, 
ttic  heat  given  out  and  representing  their  potential  energy  of  sepa- 
ration would  be  indefinite,  and  they  woidd  combine,  after  the 
manner  of  gunpowder.  The  energy  obaerv'ed  to  be  given  out  in  the 
form  of  heat  during  the  formation  o£  braaa  by  the  fusion  tcfgether 
of  copiwr  and  zinc  is  not  indefinite,  but  measurable :  it  cotTesporida 
to  the  mutual  attraction  of  a  number  of  pktos  more  nimierous 
than  10,000000,  and  leas  so  than  4000,000000,  to  the  milli- 
metre- Hence  copper  and  zinc  could  not  be  mode  into  plates 
thinner  than  this,  and  plates  of  this  tenuity  would  be  only  one 
molecule  thick.  A  soap  film  cannot  he  stretched  beyond  a  cer- 
tain thickness  without  volatilising  rather  than  yielding  to  further 
extension  at  the  same  temperature ;  this  limit  appears  to  be 
reached  when  a  thickness  of  aoooioooo  ^"^-  ^^  ^eea  attained. 
Further  considerations  derived  from  the  kinetic  theory  of  gases 
lead  to  the  conclusion  that  a  cubic  cm.  of  solid  or  liquid  contains 
a  number  of  molecules  which,  though  exceeduigly  largo,  is  limited ; 
and  the  distance  between  these  is  a  quantity  of  tho  same  order 
as  those  above  mentioned.  Frojn  these  considerations  Sir  William 
Thomson  concludes — Tliomson  and  Tait,  Natural  Philosophy,  vol.  i. 
port  '2.  App.  F,  1883,  and  Nature.  July  1883 — that  if  a  drop  of 
water  were  ntagnified  tu  tlie  size  of  tlie  earth,  the  molecules  or 
grarmles  woidd  each  oceupy  apaees  greater  than  those  filled  by 
small  shot,  less  tlian  those  occupied  by  cricket  balls. 

But  this  tells  us  nothing  abont  the  nature  of  the  atoms  or 
molecules.  Tt  would  at  first  sight  be  natural  to  conceive  tliem  as 
hard  balls,  but  this  would  not  explain  their  elasticity  and  mutual 
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action:  Faraday  regarded  them  as  "centres  of  force;"  Macquom 

Hankine  as  nuclei,  each  siirrounded  by  an  atmosphere  in  which 
there  are  whorls  and  currents  of  a  comphcatetl  character. 

The  uiost  interesting  hypothesis  \i  that  oF  Sir  William  Thoni- 
80U,  who  supposes  eacli  Atuiii  oi'  matter  to  he  a  Vortex-ring  in  the 
univeiBal  Kther.     The  ether  itself  we  do  not  directly  pejceive ; 
Vut  titia  hypothesis  would  render  our  perception  of  matter  a 
phenomenon  of  exactly  the  same  order  as  that  of  light  or  radiant 
heat,  viz.,  a  perception  of  Matter  aa  a  Mode  of  Mutiou  in  the  Ether. 
If  one  look  at  a  smoke-ring  blown  from  a  cjinnon,  from  a 
locomotive-ongine   chimney,  from  a  tobacco-pipe,  the  lijia  of  a 
suiolter,  or  from  an  exploded  hubhie  of  phosphuretted  hydrogen,  it 
will  he  seen  that  the  whole  of  the  matter  of  the  ring  ia  in  a  state 
[Of  rotation  round  an  axis  disposed  in  a  circular  form,  and  hann;,' 
ino  free  ends.     Tins  in  a  Vortox-Ring ;  and  such  ia  that  motion  in 
Lthe  ether  wlitch  is  supposed  to  constitute  a  TortdX-atom.     A 
tiotatiug  rh\\;  of  this  kind  in  an  imperfect  fluid  such  ws  air  must 
'  1w  the  rtjsult  of  friction ;  but  in  a  perfect  ttuid  it  could  only 
originate  by  a  special  creation  of  some  Idncl    Such  a  vortex-atom 
in  a  perfect  fluid  would  have  the  following  properties  :  it  could 
move  about  in  the  fluid ;  its  volume  would  be  invariable ;  it  would 
be  indestructible ;  if  struck  by  auotiutr  it  would  bo  indivisible,  but 
Fould  present  perfect  elasticity,  for  though  for  the  moment  dis- 
'torted,  it  would  recoil  and  oscillate  through   its  mean   form:  it 
would  thus  be  capable  of  harmonic  vibration,  aa  the  spectroscope 
shows  the  particles  of  matter  to  be ;  it  would  be  capable  of  changes 
of  form,  becoming  narrow  and  thick,  or  wide  and  thin ;  and  it  w 
pmcticolly  the  only  fonn  of  motion  in  the  ether  which  could 
remain  in  or  near  the  <^amc  mean  position,  and  at  the  same  time  he 
capable  of  being  compounded  with  movements  of  translation.    This 
kind  of  atomic   structure  would   also  account  for  what   Xolver 
Preston  calls  the  open  structure  of  matter,  which  allows   light, 
electric   and  magnetic,  stresses,  and   the   action  of  gravity,  to  be 
transiuitted  through  it.     These  properties  of  the' vortex-ring  ex- 
plain well  many  of  tlie  observed  properties  of  matter ;  but  we  not 
only  have  the  chemical  atom  and  atomicity,  but  also  physical  mass 
and  gravitation  to  explain  before  we  can  form  a  full  theory  of  the 
inner  structure  of  the  Molecule. 

The  Kinetic  Theory. — The  next  questiim  is,  Do  tlieso  mole- 
cules remain  nt  the  same  spot,  rotating  round  it,  or  oscillating  in  its 
vicinity  ?  or  have  they,  in  addition  to  whatever  intrinsic  motion 
they  may  bo  possessed  of,  a  motion  of  translation  ?     The  pbeno- 
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tnena  of  Diflitston  Iielp  us  to  arrive  at  a  conclusion  on  this  subject. 
If  a  solution  of  a  coloured  salt  Iw  jilacetl  in  a  vesael,  anil  a  layer 
of  a  colourless  solutiou  be  laid  iijioii  tim  coloured  stratum,  the 
whole  being  left  at  rest  for  some  wetks  and  protected  from  all 
disturhancp,  the  pkne  of  demarcation  between  the  strata  becomes 
blun-ed,  tho-  strata  ultimately  mix,  and  the  solution  heromes  uniform. 
This  can  only  occur  through  a  gradual  travelling  of  the  coloured 
solution  into  the  colourless  one,  and  viee  vfrMi. 

Again,  if  a  jar  of  hydrogen  and  a  jar  of  oxygen  be  brought 
into  communication  with  one  another,  even  though  the  former  be 
uppermost,  the  gases  will  perfectly  mix  in  a  short  time^  This 
shows  that  the  hydrogen  rapidly  travels  into  the  oxygen,  and  viet 
versA.  The  particles  of  matti^r,  tlnercforo,  cannot  be  at  rest,  but 
must  he  in  perpetual  relative  motion;  and  thjj^  ia  the  Kinetic 
Theory  of  Mutter. 

Chemical  anolcijfj'  xIm)  illuMtrut'.K  tliis  ^io»ition.  If  eteain  be  ]uu(seil  over 
red-hot  iron  filioRti,  the  iron  talte§  tho  oxvfien,  and  hyiiro^ien  ]>aBs«e  off;  \t^ 
on  ihc  utlifi"  hiiiiil,  hrdroReH  I*  paswd  ovvt  oxide  of  iron,  it  fDmn  ■water- 
vapuur,  auil  re<]uL-e>i  nLetallic  tnju  if.  li^ft  lM;hiii4.  llietc  ftctiuun,  apiNirvatly 
8L>  cnntnulicUiry,  lu-e  explaiuedi  tlius  ;  Tlicie  is  u  mt.'k-culu.r  of^itiiiiuu  mid  u 
contitiucLl  pruceu  of  ducoinpoaiUoii  aiid  rccoiiipoisitiuu  uf  c-lii-tniviU  luukculv^  ; 
thi-  clifiniitJil  atuni^i  uf  Uuu,  oxygcD,  lUid  hyJi'i-f^vn  arc  constantly  chaugjn}; 
their  partmrfl  nmi  forming'  new  mokcuW  ;  and  in  ttic  firsl  insUince  uriy  raolc- 
culea  of  byilni^'cn,  in  the  w^flond  any  nioleciden  fi  »\catn,  tliat  happen  to  Iw 
formed  arc  cnrritil  off  in  tlie  cnrriMit  of  giu'  which  passca  thrnut^li  the  appar- 
atii».  The  particloii  L-vi-n  of  out  and  the  rvixav  suh«tanct  appear  to  l»e  in  this 
veaM-leHnJy  restless  state  of  decompoBititm  mid  recom position  :  when  tlie  buIi- 
litaoce  IB  heAted,  the  molecules  are  easily  broken  up,  Imt  are  nut  bo  eaaily 
fonnod  again^  whentb  ve  havu  tJif-  phenomena  of  Thernioly-is  or  Dimuciation ; 
but  well  nt  urdiitury  tdMiH^-raltireit  the  utotnii  iissuciatcd  within  th<j  moleculcB 
break  aBunclcr,  ami  niurt  wldoni  h(i]i|N!n  to  uiwl  fttch  other  again,  A^tation 
ajid  breakup  thus  occurring  within  th«  molecules  are  incompatible  with  re«t, 
and  niiLit  np-ceftsarily  be  osaociated  with  violent  tmnslatoiy  movements  of  the 
whole  niolccnlw. 

In  n  gas,  then,  wo  must  figure  to  ourselves  a  very  large  number 
of  physical  atorns,  moving  about  with  ^Tcat  velocity,  strik-ing  one 
another  and  tho  sides  of  the  containing  vessel.  Then  the  energy 
of  any  given  quantity  of  gas,  flo  far  as  that  is  due  to  movements 
of  translation,  will  depend  on  the  aggregate  mass  »i  and  on  the 
avenige  volouity  V ;  and  it  will  be  \  7a\''. 

If  we  consider  a  cube  of  uuit-VDlumQ.  filled  witb  any  gBH,  and  lake  any 
ouc  int4.'nial  face  of  it ;  that  face  is  sti'Uck  by  porticlea  brnvvtllut:  at  an  avtr- 
agu  vvliHuIy  a  in  u  direction  at  right  jui(;ler)  to  that  fact',  or  having  an  average 
componi'ut  of  velocity  —  tl  in  that  dirtxLion,  and  having  therefore  a  certain 
aggnga.tc  momentum.     This  Qioiuuattim  with  whicli  the  particles  Rtrike  the 
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waII  during  n  imit  of  rime  miifrt  be  cquikl  to  the  counter  [neesim  exette)  by 
tlie  wall*  of  the  vesecl  ;*  the  pressure  y  cxtrti-d  im  iinit-aivA  of  the  walls  of 
the  vvHxrL  by  the  gft»  ia  therefore  ti\u&[  to  tlio  nti)tni!iitiiiii  of  tli«  particles 
iDki>iti;rin>;  on  it  in  unit  of  tinif.  But  what  J*  tin;  iiiinniHt  of  thiit  motiKiitiini  / 
It  ie  th«  prtidiict  of  l.hi.*  iiiiuiIxT  of  luirliclm  wliich  xlrik*;  thv  wnll  in  a  nnit 
of  time  into  th«  niuuR'ntiiin  of  i-ac!i. 

1.  The  uumber  of  the  Glrikint:  particlee — 

If  the  (iiis  contain  N  particlen  per  unit  of  volume,  (Uiil  iheee  move 
towiLtiU  the  wall  atriick.  by  thcni  witli  lui  ftvtrag<:  rato  &  [ic-x 
Mcouil,  tlie  number  of  particle*  which  inuttt  vtrike  tlie  wall  lu  a 
unit  of  linii-  u  Nd. 

2,  The  average  i»otn«ntum  iiftuth^ 

The  masB  M  of  each  purticU;  in  the  mme  ;  ibe  averagfl  velocity  i« 
a ;  the  avcmgn  nioiiientiim  of  parb  particle  ia  Mfi, 
The  monKntiim  with  whirh  the  wall  in  strnck  »  tbtis  XfiMti ;  and  this 
s  p,  the  prcMUTL-  <in  the  wall.     Rut  the  ciib«  w  one  of  unit-volume  ;  the 
aggregate  maw  of  the  ffu  in  NM  =  c/i  =  p  ;  whence  p  =  pfi-. 

Next,  what  io  the  average  velocity  H  in  any  one  direction  1     The  average 
i Telocity  V  (which  does  not  depend  on  direction)  is,  if  Hyiolved  into  cotnpim* 
its  B,  r,  u;  at  ri}^bt  aiiylea  to  one  annther, 

V  =.  y/A^~+  S*  +  i5». 

But  <!,  p,  (^  are  ei|nal  to  one  another,  for  there  ix  no  difference  between 
une  dinwtion  and  anuther  iu  rc»p(M:t  of  velocity  :  whence 

But  p  =  /Mi'  =  p  -^  toT  unit-volume ; 


V  = 


and  a 


\'i  ys  |„v* 

pv  =  pvY=m-i^^^.    o=8  *'•"  molottutar  kinutiu  eunrgy  ot  t\xe  gu 

vrho»p.  mass  m  ia  contiued  within  volume  r. 

We  know  that  at  the  aanio  tt-mperature  the  prewtnre  ia  eqnal  iu  all  gaees  ; 
in  cqnal  volaniea  of  different  (taitc^  pv  must  be  the  same  ;  and  henw  the 

inolucular  bincLio  enc-ti^y  f  ^  aP'^')  >i»i^t  ^  ei^uol  in  equal  volitmes  of  all 

If  two  gaux  have  the  anme  Tempuiutaiv,  tfau  parLivliat  Law  tliu  eamu 
meao  molecnlw  energy  / — -     ]  of  tranalation. 


7rtV^ 


If  the  ftgpt^'At*  kinetic  oucrgy  of  tmnfhuioti b«  (-([ual   in  ■'■inal 

volumui  of  two  gowjs,  uiid  if  at  tlie  mun;  time  tlie  mokHrular  en^-igy  of  the 
i  mulncules  of  each  lio  ttiual  (their  teiupttraloi'cs  beini;  U4ualj,  it  follows  that 


'  Thu  gnomvntuia  would  be  lo«t  to  tlie  gu  willdu  thu  eiibo  wure  tbu  )iarti(!lcii 
conveying  it  not  pn!veHt-.'d  by  thv  counter  pi-eamni  of  the  wall  from  eMSplngt 

tUa  low  4-  time  duriuK  which  it  would  have  been  eflei-toil  ih  the  rata  of  change 
of  mom«atunt  [iravcntrd  duricig  that  titmi :  thin  ^'■'''VBiitloti  i*  vlfediiil  by  tlic 
pruMiirc,  whioU  \»  a  fonie,  niid  may  Ilitri.'fun*  Iw  uiivisitri-d  im  «  lutu  ut  change  uf 
momentum  in  the  oppoaitc  miiw. 


222 


MATTKR. 


[CMAf. 


tlie  uuiuber  uf  nioleculcfl  iiiui<t  be  equal  in  the  etjuitl  volumeii  of  the  two 
gustitS  and  Iivucc  Avvugudro'e  law  m  true  in  the  phjHicol  mi  well  as  in  the 
chemicttl  eens«,  btiiiig  a  dtrvut  ilcduutiou  from  the  klui'tic  theory. 

If  there  he  two  ^tuHt'S  whose  wapL-clivu  dviisiliL-w  ut  vquni  tcmpoiutuie* 
(Uiil  prisiiureH  are  p  urn!  p_,  Aw^igadtoB  law  eliows  that  llii-st-  uuvt^ual  nioaeM 
ani  iliviHert  nninnc  pqiiiil  niimhera  nt  moleLuk-B :  huiic*^  ilm  rnasa  tif  f^ch 
eini^lu  mokyiile  iniiitl  hi'  propoitione*!  to  thp  rleneily  of  itw  gas  ;  fnr  if  HI  and 
Mj  be  the  tcspBOliVL-  maa«i^«  of  single  mnlecnlea  of  the  reapfictive  gsAU, 

>1  ft 

■whi-noc  M  :  M,  : :  fi :  p,. 

Thus  the  Molecular  Kinetic  Theory  of  Gases  explains  the 
pressnre  on  the  sideit  of  the  vcs-scl  containing  a  ^aa :  it  explains 
the  tendency  of  gases  to  indefinite  expansion :  it  cxpUins  Heat 
as  th{!  cnenyr  of  molecular  agitation  ;  equality  of  temperature  as 
tquolity  of  the  mean  energy  of  agitation  in  the  aeveral  molecules. 
Et  ali^o  arrives  at  ATToscadro's  law,  an.d  explains  the  numerical 
identity  of  ratio  existiiij;  between  the  relative  wei^'hts  of  the 
several  kinds  of  nioleciJes  and  the  spec-ifn;  densities  of  the  corre- 
sponding aggrej;ate  gases. 


Thp  L>i|iiuti'in  p 


p\^ 


givuii  tbave  yiclda  V 


by  meBtts  of  which 


/3p 
3    "  •  V    p 

V,  the  mean  velocity  of  movcciuat  of  tho  panitlta  of  any  gas,  may  be 
foiitnl.  Thus  fnr  hyilmgen  p,  the  jirussuiv,  in  eq^u.^1  to  tho  M'eighl  of  ioy 
Tf>  cm.  of  mercury  (density  =  13.50(1),  or  to  1()33'3  gmiB. <]nftA<>  n-jttinf* 
on  every  s.^iiari'  lUii.  But  the  weight  of  1033';i  grma  U  tny;  1033*3 
gnns.  X  981  cm.  =  10I36(J7'a  dynes.     Agfiin,  j3,  the  density  of  hydrogen, 

ia  '0OO089&6BS   ijruimiies   per  cabje  em.      Hcnca      / -^  =  1 84S60  cm. 

or  IB42-C  mutnw  pur  second,  th«  «v«nigi;  velocity  of  tli«  piirticles  of 
hydruHvn. 

lieiiw  aW>  th«  meau  velocitiea  of  ga««  vaiv  invenwiy  aa  -7=  ;  or,  whidl 

in  nn  et]uiviLli>iil  obitctnctit,  the  mean  velocities  of  tlic  particle*  ofgiuie:!!  vnry 
iiivi-rwly  n*  Ihu  M|iuin.'  root  nf  the  molecular  weight :  wtu^in;i'  oxygiai  &toms 
huVM  "iti; - fiiiirth  tlm  vi-Iucity  iif  hytiro^-ii  ntoiiix  lirum--  (!i-^  .irv  »LXtc«n 
timvA  an  heavy.  Tiii»  in  thu  luw  ^"Veniitiu  the  nrWtivi  [.,  !  with  which 
the  diffwrent  componenla  of  e.  giwroii*  mixtnre  will  travel  through  a 
mi-mbroue. 

Tlie  kinetic  theory  also  infoi-ms  us  that  when  we  double  the 
umubei  of  molecules  in  a  given  space  wo  double  the  number  ot 
molecules  which  strike  the  walla,  and  accordingly  we  double  the 
pre-isurc ;  or  in,  other  words,  the  pressure  varies  directly  as  the 
density  of  a  given  quantity  of  gaSj  this  being  another  form  of 
Boyle's  Law. 
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It  also  tells  us  tliat  if  we  mix  a  particles  of  one  gas,  b 
irtides  of  another,  c  of  a  third,  ami  so  on,  the  avemjje  kinetic 
energy  of  all  the  jmrticles  Iwing  the  same,  or  soon  hecomiug 
eqnalised,  the  pressure  produced  by  the  a  molecules  of  the  first 
■  gas  is  proportioual  to  their  uumber,  the  pressuiv  produiied  by  the 
second  gas  is  proportioual  to  b,  aud  so  forth  ;  or  iu  other  wurds. 
tliat  iu  H  mixture  of  gasea  the  pressure  jji-oduced  by  each  com- 
ponent of  tlte  mixture  is  iudepuiideut  uf  the  rei>t,  aud  depends 
only  un  the  amount  of  such  uuuipouuiit  wliich  is  present  iu  the 
mixture  (Dalton's  Law). 

Again,  when  the  temperature  is  increased,  the  ener^  of  the 
particles  is  increased ;  each  particle  strikes  both  oftcncr  jind 
harder ;  the  pressure  experienced  by  the  walk  of  the  x'&ssel 
therefore  varies  as  the  sfiuarc  of  the  velocity,  and  is  proportional 
lo  the  molecular  ener^ry  of  the  particle — that  is,  to  the  absolute 
amotint  of  heat-ener^'y  possessed  by  it.  This  if  the  volume  be 
kept  constant ;  but  if  the  pressure  be  kept  constant  and  the 
volume  allowed  to  increase,  then  the  volume  varit-a  as  the 
"absolute  temperature"  (see  p.  328).  (Oliarles's  Law,  often 
attributed  to  Ciay  Lusaac). 

The  kinetic  theory  of  gases  also  explain*  how  it  is  that  wheu 
a  stresTu  of  gas  passes  through  air,  its  progress  is  retarded  by 
"yiacoaity;"  rapid ly-movint^  particles  of  the  gas  travel  laterally 
into  tbnair;  slowly-nioviug  particles  of  the  air  travel  into  the 
gas,  and  thus  its  pro^Tesa  is  hampered.  SimUnrly  the  Wacosity 
of  a  pia  will  bring  to  rest  a  nurrent  set  up  within  its  own 
aubetanee;  but  this  viseosity  is  independent  of  the  density  in 
gases. 

The  theory  also  explains  the  conduction  of  heat  in  gases ; 
capidly-moviiig  particles  by  collision  jmrt  witli  some  of  then- 
energy  to  othei-s,  which  In  their  turn  enter  into  collision  with 
those  beyond  them :  and  we  have  already  seen  it  explain  the 
difltLsion  of  gases. 

These  molecules,  thus  travelling  with  sudi  great  velocities 
aud  entering  into  a  practically  inButte  number  of  eollisions  with 
oue  another,  can  never  travel  very  far  in  an  undisturbed  path. 
At  the  ortUnary  temperatiuv  aud  pressure  tlie  ■mean  Jru  jpaik  of 
the  molecules  of  hydrogen,  which  have  the  longest  trajectory, 
seema  to  be  about  .tq^oq  nini.,  or  a  tenth  part  of  the  average 
length  of  a  wave  of  light  (Maxwell) ;  xoi-|nr  ^^^"^  ((-.'rookes). 
The  d-uimtUr  of  molcimUs  is  not  tlio  same  in  the  case  of  all  elements, 
but  is  OQ  the  average  about  nroifijcwD  ™™-     fhua  the  Bmallcst 
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visible   orgnuic   particle   (^-j^a^   nim.   diar.)   will    oontaiii    about 
30,000,000  atoms,  whicli  may  be  arranged  iu  about  40,000  mole-, 
ciiltjs.     Tlio  number  o/  iiuda-uies  in  a  culiic  ^m.  jiL   tbe  oiilinary' 
temperature  ami  pressure  is  about  19,000000,000000,000000 
(Maxwell),    1000,000000,000000,000000  (Crookes),  not  more 
than  6000,000000,000000.000000  (Sir  W.  Thomson).* 

Thew   nuiubera   are   arrived  at  by  nifling   a   pn>|io«ition  formululetl  hy 

8  X  free  p«tli  of  eacl;  moteciiU  _  Whole  spoue  ftllvd  by  the  molecule* 
I}iuiitft«r  fif  cjmtIi  molecule  Tlieir  retil  iit'fjreKut*'  vnhinif 

Vmm  this  the  real  l^tgI\^tu  voliini'C,  whicli  tlote  not  dilTcr  vert'  widely  from 
tliut  of  tht;  com'tpoiidiiig  litiiiid,  is  found,  itni],  if  ili^-idvd  hy  tlic  ciibiu  e[>aee 
uccupwf  by  (.'iicli  mokculu,  ^vea  the  number  of  iiiuleciiW 

AVlicD  gas  is  rarefied  Ihe  number  of  molecules  in  a  given 
space  is  diminished.  Let  us  suppose  that  the  rarefaction  is 
carried  on  so  far  that  only  one  particle  out  of  every  original 
miUioii  is  left  iu  the  space  e-vhauskd.  The  pressure  is  one- 
millioDth  of  its  uri^iiial  amuuut ;  but  any  molecule  once  in 
motion  has  oue-mlllioiith  its  former  chauce  of  encountering  any 
other  molL>cule,  and  conse(|uently  its  average  free-path  is  magnifit^d 
a  mi31icmfnld.  The  mean  path  would  then  he  (Crookes)  YJihaa 
uiiu.  X  1,000,000  =  lOO  mm.,  or  almut  4  inches.  Ry  meniis; 
of  a  giMn}  Sprengel  pump  exhiuwtiou  to  tlie  huttdred-milliouth  of ' 
ail  atmosphere  can  be  attained,  And  the  mean  free-path  of  the 
gas  so  rarefied  wotild  be  about  33  ieet.  In  our  atmosphere  at  a 
height  of  210  miles  the  single  molecules  are  relatively  so  few 
<1000  to  the  cubic  cm.),  that  each  molecule  might  travel  through 
a  unifonn  atmosphere  of  that  density  for  GO, 000,000  miles  with- 
out entering  into  collision;  beyond  a  height,  of  1100  miles  the 
atmosphere  is  so  rare  (less  than  one  molecule  per  cubic  foot)  that 
tlie  particles  might  freely  travel  through  such  an  atmosphere 
from  one  fixed  star  to  another ;  while  in  the  fields  of  space,  at 
•distances  practically  infinite  irom  the  earth  or  any  other  star,  the 
number  of  cubic  miles  containing  a  single  molecule  would  be 
K'presented  by  the  liguru  1  fi>llowcd  by  314  cyphei-s. 

*  While  tlierc  h  na  courusion  as  to  the  jiriiiripln  at  tsmic,  there  i«  still  s  <lia- 
cnMlon  in  nctiro  progrrAs  na  to  th«  nmiicrical  (Ltatla  ;  aikJ  thn  reader  nho  wixhrJi  to 
«tndy  the  subject  fully  U  mcomiHunihtd  atti-ntivcly  to  |K<nua  all  the  jutiL-les  by  I'rof. 
Clerk  Maxwell  (Eweyciop.  Sritann. ;  Mature ;  fhiiM.  .Vmj.  ;  7'raM.  Jloy.  SocUtirt 
London  and  Eilin,,  CaiiOtrid^  Pkil.  Soe.),  and  by  Dr.  Crookea  (Tratuaaions  and 
PraCBidiimg*  Ito^,  S<k.  Londtm),  Lo  wtiicli  lie  enu  got  quimhi,  logclhur  with  the  liter- 
*tarB  to  which  he  will  thero  find  referoacc. 
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Till?  opi.'i»  uji  to  iiit  an  eictnwrdinELry  view  of  ttiu  nnturc  of  our  atiD09> 
phera,  Wc  niiist, — though  the  proceis  cannot  be  rapid,  for  each  particle 
rifling  from  the  earth  is  retarded  by  f;ni\"ity  and  falla  hack  towards  the  «arth, — 
oomtantly  be  losing  partielcs  of  nitrogen  and  oiygcn  as  we  ore  draggt^d  through 
spjKe,  and  we  may  conatantty  be  picking  up  new  one*.  If  wc  enber^ 
n^);ioiii*  uf  Kpnce  in  which  there  were  no  parlicleii  lit  to  cnnku  M\i  our  Inmce,  it 
wuulii  K-  nil  iiitere«tJiig  c]^uta*ti«ii  how  nhort  h  time  would  eiiflicL  altoKotber 
U>  deprive  tu  uf  our  atmuMplit^ru, 

The  ret;ion  of  sp»c«  thioimh  which  the  earth  in  at  present  traveUiog 
contains  much  benzene  TupouT  with  ethyl-hydride  and  other  alcohol-deriva- 
tives. 

Thus  our  ideas  on  the  sniiject  of  the  coristitutiou  of  matter 
havB  undergone  a  profouuLt  moclification.  Matter  is  discontinuous 
in  the  highest  degree,  for  it  consists  of  separate  particles  or  mole- 
cules which  are  mutually  non-interpenetrable ;  and  the  special 
properties  of  the  ditfcrent  states  of  matter  depend  on  the  number 
of  molecules  which  are  contained  within  a  given  space,  as  well 
aa  on  the  energy  of  movement  which  is  possessed  by  each;  and 
each  particle  is  susceptible  not  only  of  trauslatioa  as  a  whole, 
but  also  of  vibration  or  rotation,  and  may  besides  be  in  a  state 
of  vortex-motion,  ni^oa  the  continuance  of  which  its  continued 
existence  may  depend. 

MoLECCULR  Forces. 

Hitherto  we  have  conducted  our  reusomng  on  the  implied 
assumption  that  the  molecules  had  no  mutual  action,  and  we 
have  arrived  at  results  such  as  BoyJe's  law,  Ualton's  bw,  and 
others,  which  wr  have  deduced  from  theory.  Now  we  must  con- 
firm nor  thenry  by  rcferonGc  to  facts,  and  we  find  this  assumption 
ovemilc'il  by  snch  material  dlscrepanciGB  as  the  following.  Royle's 
law,  though  obeyetl  nri  thft  whole,  i.s  disobeyed  by  every  ga.9 
when  the  pressure  is  so  high  or  the  teraperatnre  so  low  that  con- 
densation is  not  far  off;  this  departure,  though  not  extensive,  is 
significant.  AH  gases  ju3t  about  to  become  condensed  are,  except 
in  the  single  case  of  hydrogen,  more  easily  compressed  than  the 
law  would  indicate.  Dalton's  law  is  departed  from  by  ft  mixture 
of  gases  condeusible  with  difiiculty :  sxich  a  mixture  ia  found  to 
be  even  less  condensible  than  the  component  gases,  and  the 
critical  t<^mperature  is  lowered.  Charles's  law  is  not  obeyed 
thmughout  the  whole  rangu  of  experimental  pressures  and 
temperatures ;  at  a  high  pressure  any  increment  of  heat  produces 
a  disproportionately  large  increment  of  pressure. 

In  fact^  gases  obey  these  lawa  only  when  their  pressure  is 
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very  feeble  and  their  temperature  at  the  same  time  high  above 
the  critical  tcmperataro — that  is,  wheu  the  molecules  are  com- 
paratively far  from  one  another.  At  ordinary  temperatures  and 
presBurea  the  particles  do  aflect  oue  anotlier  not  merely  by  mutual 
impact  or  mutual  gravitation,  bub  also  by  mutual  actions  or 
molecular  forces  effeutively  coming  into  piny  wUeo  the  portiules 
are  at  exceedingly  small  distances  from  one  another.  "When  Uie 
preaaure  is  soiall,  the  free  path  is  comparatively  lonj^,  and  the 
molecules  are  mutually  removed  from  each  other's  influence :  and 
the  higher  the  rate  at  which  tlio  particles  are  moving,  the  less 
will  be  the  proportionate  effect  of  the  molecular  forces;  or  in 
other  words,  the  higher  the  temperature  the  less  appreciable  will 
be  the  effect  of  tntermolecular  action. 

When  a  gas  is  being  compressed  into  a  liquid  we  know  that 
in  the  first  place,  in  all  gases  except  hydrogen,  the  particles  are 
attracted  slightly  towards  one  anoth.er,  and  also  that  there  Is  on 
the  otiier  hand  a  practical  repulsion  from  one  another  caused  by 
their  energetic  movement.  We  further  find,  however,  that  though 
the  particles  become  approximated  with  relative  ease  while  lique- 
faction is  approaching,  yet  when  the  liquid  state  has  been  attained, 
and  even  before  it  has  been  attained,  repulsion  takes  the  place  of 
attraction ;  the  liquid  when  formed  offers  a  relatively  cnormoua 
lesiatanco  to  coniprBssion.  This  is  well  seen  iu  the  case  of  car- 
bonic anhydride  merging  insensibly  from  the  gaseous  into  the 
liquid  state ;  just  liefore  ceasing  to  be  a  gus  it  is  very  comprees- 
ible,  juat  after  becoming  a  liquid  it  is  relatively  very  slightly  so. 

In  liquids  tlie  molecules  are  within  the  spheres  of  one  an- 
other's action.  This  accounts  for  the  viscosity  of  all,  even  of  the 
most  mobile  liquids:  the  particles  detain  one  another  by  their 
mutual  attraction,  and  a  flowing  li<^uid  is  thus  hindered  in  its 
flow  by  molecular  friction.  Molecular  action  also  accounts  for 
the  fact  that  a  stream  of  liquid  has  a  certain  tenacity  and  will  not 
readily  break :  such  is  the  condition  of  a  stream  of  h'quid  in  a 
Bipbon.  Again,  it  explains  why,  under  ordinary  circimistancca,  the 
effects  of  molecular  attraction  are  strikingly  luanifest  in  liquids 
only  at  the  surface,  and  in  the  form  of  Surface  Tension.  In  the 
interior  of  a  mass  of  fluid  each  particle  is  free  to  adjust  its  mean 
position  uuder  the  influenee  of  the  surrounding  molecules ;  the 
mean  position  which  it  assumes  is  that  in  which  it  is  acted  on 
equally  on  oil  sides,  and  there  is  then  nothing  to  render  the 
mutual  attractions  manifest.  At  the  surface  of  a  liquid  mass, 
however,  if  it  be  a  free  surfacCj  the  particles  can  only  be  acted 
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upon  by  others  lying  internal  Uj  them.  The  result  is,  as  is  shown 
in  Fig.  100,  a  system  of  forces  acting  at  right  angles  to  the  free 
surface  of  the  fluid,  and  tending  to  ^y^.-.  ^,— ^-.^.^ 
reduce  that  free  surface  to  the  least  '  y^  _  ^X^ 
possible  area.  We  may,  indeed,  con- 
sider a  drop  of  water  as  consisting  of  a 
quantity  of  water  enclosed  in  a  snpor- 
ficial  skin  of  water  which  is  under 
tensiun,  and  whose  partides  attract  one 
another  into  the  least  possible  super- 
fi<^!ial  area ;  and  since  of  all  surfaces 
the  sphere  lias  the  greatest  content  for 
the  least  area,  the  superficial  film  may  be  said  to  mould  the  drop  to 
the  sjiherical  form,  which  in  the  case  of  falling  raindrops  is  approxi- 
mately perfect,  as  is  shown  by  the  raiabow.  To  these  surface- 
tensious  are  also  due  the  important  phenomena  of  Capillarity, 

Many  of  the  properties  of  solids  are  also  due  to  molecular 
forces.  Soch  are  toughness,  hardness,  ami  the  like,  which  may 
be  grouped  under  the  generic  name  Strength  of  Materials; 
these  depomdin;'  probably,  in  part  at  least,  on  the  proximity  of  tho 
particles  to  one  another.  The  molecular  grouping  of  molecules  is 
also  very  important,  though  very  little  can  Ikj  said  about  it ;  but 
upon  it  depend  not  only  the  crystalline  or  amorjdioua  ciotidition  ot 
a  substance  and  in  part  its  strength,  but  akc  that  stable  or  un- 
stable  equilibrium  upon  wMch  the  phenomena  of  elasticity  or  the 
pi-opcrtif.?  of  such  things  as  Rupert's  drops  depend.  These  lost 
consist  of  little  mnaaes  of  fused  glass  dropped  into  cold  water  ;  tho 
outside  is  sudtlenly  chiUed  and  solidified  white  the  interior  is  still 
in  a  state  of  fusion.  The  internal  mass  has  to  accommodate  itself 
aa  it  best  can  to  the  dimensions  of  the  out^r  skin ;  it  does  so 
under  tension,  but  the  moment  that  the  relations  are  disturbed  by 
bitMLking  otr  the  narrow  end,  or  even  by  the  slightest  scratch,  the 
whole  ilies  to  powder :  it  is  in  a  state  of  unstable  equilibrium,  and 
the  slightest  displacement  precipitates  a  downfidl  of  tho  whole 
armugement.  In  the  same  way  the  slightest  scratch  in  the 
interior  of  a  large  glass  tube,  especially  if  it  have  local  variations 
of  thickness, — even  such  a  scratcli  as  is  yiroduced  by  the  fall  of  a 
crystjil  of  quartz  or  a  nib  with  the  end  of  an  iron  wire, — will  often 
shiver  the  tube ;  for  which  reason  no  rough  treatment  should  be 
internally  applied  to  such  tubes  with  any  metal  harder  than 
copper.  Tills  state  of  iutemnl  tension  accounts  for  the  danger  in 
the  use  of  cast-iron  in  structures. 
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Many  solid  masses  have,  however,  their  particles  so  arranged 
as  to  form  conservative  syst-ema,  which  tent)  to  restore  any  work 
done  on  them,  and  consequently  are  in  stable  molecular  equili- 
brium ;  the  details  of  the  molecular  groiiping  are  nnknown,  but  in 
a  perfectly  elastic  body,  or  practically  in  any  solid  body  within 
iti)  Liiiiita  of  Elasticity,  any  displacement  among  the  molecules 
produces  a  restitutiou-prcssur^  equal  and  opposite  to  the  distorting 
force  or  stress ;  and  it  is  ol^served  tliat  us  a  general  rule  tlic  diii* 
tortioji  is  proportional  to  the  distorting;  force  ( Ut  te?isio  siciit  ins, 
"  Hooku's  Law"),  and  hence  the  restitution- press  tire  is  proportional 
to  the  distortion.  This  elasticity  may  in  solids  ho  observed  more 
or  less  perfectly  to  obtain,  whether  the  distortion  be  that  of  form 
or  of  volume,  while  liquids  hove  elasticity  of  volume  alone,  never 
of  form. 

To  the  same  order  of  Molecular  Forces  must  be  attributed  the 
effects  of  cohesion  between  masses  or  particlea  of  the  same  sub- 
stance, and  of  adhesion  between  those  of  different  substances; 
and  filfiif)  the  phenomena  of  chemical  affinity,  the  potential 
enei^'  of  chemical  separation,  and  the  liberation  of  energy  attend- 
ant on  chemical  combination. 


CHAPTER   X. 
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TiiK  special  pro])erties  of  solids  ore  due  to  the  relative  contiguity 
of  their  molecules.  Their  definite  free  surface  is  due  to  the 
nrntiial  attraction  of  their  molecules,  and  is  retained  m  virtue  of 
the  saniu  forces  which  in  the  agjfregate  manifest  theniselvea  as 
causes  of  cohesion,  t<*nacity,  etc,  and  the  residt  of  which  is  that  a 
aolid  can  persist  under  the  action  of  a  stre-ss  not  eveuly  applied — 

^ihat  is,  of  a  stress  which  is  not  liydroatatic. 

Cohesion  ia  the  mutual  attraction  of  the  particles  of  a  solid 
for  one  auother,  and  is  measured  by  the  amount  of  force  which 
must  ho  ajiplif?d  in  nrdyr  to  overcome  it.  The  tenii  cohesion  is 
genernlly  ap|>lied  to  the  mutual  attrfiction  of  jiarticlea  of  the  aame 

^.substance,  adJu^um  to  tliat  of  diflerent  substances.  When  two 
neces  of  white-hot  iron  or  platinum  are  hrought  in  contact  they 
cohere  by  welding.  When  a  piece  of  silver  and  a  piece  of  plati- 
num are  broujjht  in  contact  at  500°  C,  they  adhere.  If  metals  in 
the  state  of  dust  bo  mixed  and  exposed  to  a  pressure  of  7000 
atmospheres  they  will  form  a  firm  metflllie  mass,  and  will  even 

^combine  and  form  an  alloy.     Cohesion  is  manifested  by  two  sur- 

'faces  of  glass,  which,  if  ground  exceedingly  smooth  and  placed  in 
contftci,  will  cohere  Krmly  ;  and  the  well  known  Barton's  cubes  ore 
little  cubes  of  metal  polished  so  smoothly  that  mere  apjtosition 
causes  them  to  cohere,  the  force  of  cohesion  being  so  great  that 
a  string  of  a  dozen  may  be  supported  In  the  air  by  this  mutual 
attraction  alnno.  Common  graphito  is  ground  to  powder  and  puri- 
fied by  boiling  with  nitric  acid  ami  chlorate  of  potash :  it  is  then 
washed  and  dried ;  the  powder  is  placed  iu  a  mould  and  exposed 

Ito  extreme  pressure  produced  by  a  hydraulic  press;  after  com- 
jion  the  black  powder  is  found  to  have  been  converted  into  a 
solid  mass  of  coherent  pencil -graphite,  wliich  may  be  sawn  into 

jiatripB  and  used  for  pencils.     If  a  leaden  bullet  be  cut  into  two 
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witli  a  sharp  aiiij  heavy  knife,  the  two  halves  will  cohere  finuly  if 
preased  together  by  tlieir  bright  surfaces. 

Hardness — SoftneB&. — A  hmly  is  saiil  to  be  harder  than 
anotlier  when  it  Ciui  be  used  to  scratch  tlie  latter  but  caiiiiut  be 
scratched  by  it.  Id  this  sense  the  diamond  is  the  hardest  of  all 
solids.  The  scratching  body  must  not  have  too  sharp  a  point,  for 
this  would  prove  n  pin  to  be  harder  than  glass,  which  is  not  the 
ciise.  Hardness  is  a  property  that  cannot  be  measured.  All  that 
we  con  do  is  t«  make  up  a  list  of  subatances  in  their  relative 
order  of  hardness,  and  to  express  the  hardness  of  any  particular 
substance  hy  stating  its  place  in  that  series.  The  standard  scries, 
due  to  Mohl,  is  tlie  following ; — 

1.  Green  laminated  Talc.  2.  Crystallised  GypBum.  3. 
Transparent  Calcspan  4.  Crystalline  Fluorspar.  5.  Transparent 
Apatite.  6.  Pearly  cleavable  Felspar  (Adularia.)  7.  Trans- 
parent Quartz.  8.  Tranapareut  Topaz.  9.  Cleavable  Sapphire. 
10.  Diamond.  Flint  scmtches  quartz  with  difficulty,  but  is  easily 
scratched  by  topaz :  hence  its  hardness  is  set  down  as  7'2i3  on  this 
arbitrary  scale.  The  rapidity  of  movement  of  the  attaclciiig  aub- 
fltauce  is  a  matter  of  practical  importance :  thus  the  sand-blast  (a 
stream  of  sand  mpidly  blown  from  a  tube)  is  cai)ab!e  of  cutting 
through  rocks  and  even  through  steel  with  relatively  great  rapid- 
ity; and  the  some  result  is  seen  in  the  mechanical  operation  of 
filing. 

Mr.  EdUon  finds  that  platinum  wire  may  be  rendered  as  hard 
as  steel  pianoforte  wire  by  heating  in.  vacuo,  keeping  up  the 
vacuum^  and  gradually  increasing  the  temperature.  The  particles 
of  platinum  have  all  air  removed  from  their  interstices,  and  they 
cohere  very  firmly  by  welding. 

Hardness — Fragility. — TWx?.  is  a  distinct  use  of  the  word 
Hardness.  In  tlii.s  .'^liiiije  the  diamond  {assesses  little  hardness, 
for  if  struck  a  Mow  with  a  liainmer  it  Hies  to  pieces. 

Extenaibility — Inextensibility. — Some  substances  aui.  like 
indiarubber,  be  extended  greatly  by  the  application  of  a  stretching 
force :  others,  like  baked  clay,  very  little.  The  ratio  of  the 
extension  produced  to  the  extending  force  is  the  "  extensibility  ; " 
the  former  being  measured  by  the  ratio  of  the  increase  in  length 
to  the  original  length. 

The  (i^nural  rule  is  that  il  wire  mudit  of  onj  nulMtatvce,  the  area  of  whom 
Umnsverw)  sectiun  ts  t  eqiijire  cm.,  luiil  whgbu  k-ii^tli  in  '  cm.,  BulTctT,  whun 
•tratcbed  "by  a  force  gf  F  Ajv^a,  lui  atwolutc  clongutiou  i^  which  ie  (l)  pro- 
portional tu  tiia  leDgLb  uf  the  wire,  (S)  proportional  to  tho  stretcliiitR  force 
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applied,  (3)  invewely  proportional  to  the  tranHverec  section  ir,  and  (4)  pn>- 
portionAl  to  &  special  cocfBcicnt  K,  the  CoeffictiMit  of  Extenoibility,  a  atnall 
fnctaon,  vhich  miut  be  dotonmnod  experitncnuU;  for  each  sabataaoe.    Thai 


The  following  coefficients  of  extensibility  (reduced  to  O.G. 
measurea)  are  given  partly  on  the  authority  of  Unwin,  partly  on 
that  of  "Wertheim.  A  rod  of  each  substance  whose  transverse 
section  is  1  sqviare  cm.  is  stretcbed  by  a  force  of  one  dyne. 

The  proportionate  extensions  (measuring  the  coelBcienta  of 
extensibility)  are,  in  the  respective  cases  of 

Oast  Steel  t«nipenid,  one  (2530,000000  x  dSl)th  of  the  whole  length. 


Wrought  Iron 

Copper    .     .     .  .  „ 

Weod      .     .     .  .  „ 

Leather  .     .     .  .  „ 

Fresh  bone  .    .  .  „ 

Tendon  ,     .     .  ,  „ 

Nerres   .     .     .  .  „ 
Living  muKle  at  re«t  „ 

Arteries      .     .  .  „ 


(2000,000000  x981)th 

(1050,000000  x981)th 

(10,000000  x98I)th 

(175,000  x981)th 

(230,466000  x98l)tb 

(16,341,000  xOSlHh 

(1,890,000  x98I)th 

(95,000  x  98  l)th 

(5,200  x98l)th 


Wlmt  weight  would  be  ncccaaar}-  iu  ordnr  la  double  the  1en(;th  of  a  pioco 
of  BlBul  bolt  I  sq.  cin.  in  Bcctional  area,  if  the  rtrain  could  be  effuctafl  without 
rupture  1     Tlie  elongation  e  wuuld  be  ujual  to  the  original  length,  e  =  1, 

/  -  EPi;   .-.  F  >=  TT  »  (S&20,000,000  x  981)  dynea.     If  the  aectioiial  area 


were  t  mm.,  F  =  =■  = 


TgT  n-  cm- 


=  (25,900,000  x  9SI)  Ajaaa  = 


iBio.aoooeo  n  aai 
the  weight  of  25,200000  grammes  or  25,200  kilograiumea. 

French  enginiMint  are  in  the  lukbiL  of  reilucing  ih(}»o  inconveniently  large 
physical  coiiHtunts  by  cxpreasing  extiinsiLilily  in  terms  uf  the  number  of 
kilos,  wci^tit  which  would  be  ref^nircl  to  double  the  lenf^h  of  a  bar  whose 
sectional  area  is  one  sqimre  millimetre  :  the  resultant  numbtra  arc  iB-nVgg 
of  those  obtaineil  when  tlit;  exU'iiitibility  is  measured  in  terms  of  the  number 
orgmninifjt'  wt-i^ht  whitb  wouUl  bu  [vr^uired  to  double  the  length  of  a  bar 
whoite  iu:clic>nal  area  iit  ano  M(Utirt<  cuTiitinietra 

MtiNck'x  are  more  extenaiblu  when  they  are  in  a  xtntc  of  contraction  than 
wh?n  tliey  are  at  rest ;  and  if  a  muscle  when  Sonded  by  a  curtKiTi  wdght  b« 
stimulated  to  contraction,  the  mere  effort  to  contract  may  to  diminish  th« 
resistance  to  extension  or  iucreaso  the  extensibility  that  the  contracting  effort 
may  be  more  than  counts rbulaucL-d  by  the  mechauicol  BtretthtnR  of  the  muscle 
produced  by  thu  wei^jht  hunting  upuii  it,  and  the  overloaded  niuacle  may 
actually  Etrutch  whL'n  etinmUtcd  to  contitiet.  Musclus  also  become  a  little 
lew  redstant  or  more  estensible  under  the  action  uf  a  given  loud  shoi'tly  afWr 
death. 

There  is  no  substancie  of  which  wires  ot  cods  could  be  loaded 
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with  indefinite  weights,  or  even  with  suth  weights  as  would  double 
the  length :  there  is  for  each  substance  a  special  limit  of  tenacity 
or  cohesion,  wlion  extension  can  go  no  further,  and  the  rod  is 
ruptured.  Tliis  breaking  weight  mciisurca  the  cohesion,  and 
the  following  table  repreaenta,  according  to  Wcrtheim,  the  number 
of  grammes  which  must  be  hung  on  a  rod  of  1  sq.  cm.  section  in 
order  to  break  it — 


Bone 
Tenriou 
Nerve   . 
Veins    . 
Arteries 
MoscIg 


800,000 

625.000 

135,100 

18.500 

13,700 
4,500 


Thus  a  nerve  wIioms  bccUou  is  \  i-i^.  cm.  cualil  bear  a  strutdiiiig  Force 
e^oal  to  the  w«i)i;ht  of  33'9  ktlo^^^aiiiiiii-^  or  over  &  »tone  ;  but  the  lUnger  of 
itretching  an  artery  or  a  vein  by  niiBtakK  in  obvious  There  is  a  great 
diffowncc  in  the  breaking  veight  of  the  eanie  tiseuo  in  percons  of  different 
age  and  habit  WvrLlicini  founil  tlint  the  fibnU  of  a  young  man  of  thirty  hod 
a  breaJd&g  weight  of  1,503,000  gnunm^a  per  (!entimctrc,  while  tliat  of  the 
aanifi  bone  in  an  old  mAn  of  seventy-four  was  reduced  to  43S,&00. 

Ductility. — Some  metals  can  be  drawn  tbTOiigh  fine  apertuPM 
in  a  drawplate.  and  wires  can  tluis  be  formed ;  other  metals  are 
incapable  of  this,  for  Uiey  snap.  The  order  of  ductility  is — 
Gold.  Silver,  Flatiuum,  Iron,  Copper,  Palladium,  Aluminium,  Zinc, 
Tin,  lead.  I'lutiuum  \viruj>  uf  exceeding  tenuity,  sucb  as  ara 
adapted  to  the  eye-{iieoeB  of  micrcucopes  fur  micrometric  work,  are 
made  by  coiiiitruuting  a  thick  silver  bur  with  a  thin  pltitinum 
core,  drawing  this  out  to  an  t^xtrmite  fineness,  and  diBsoIviug  olf 
the  silver  by  steeping  the  drawn  wire  in  nitric  acid. 

Compreaaibility  fullows  the  same  kws  as  extensibility. 
Within  niirrow  limits  the  coeffieicnti  of  corapressibility  and  of 
extensibility  have  the  same  value.  Kxcessive  compression  loads 
to  crushing,  and  each  substance  has  its  own  crushing  weight, 
found  by  experiment  on  masses  of  determinate  size. 

Malleability,  the  property  of  yielding  to  the  hammer  without 
breaking  at  the  edges. — Gold  can  be  hammered  out  into  leaves 
extremely  thin.  A  half  aquare-inch  of  gold  of  the  thickness  of 
letter  palmer  is  hammered  out  to  81  square  inches;  each  square 
iucb  of  this  Uiiii  sheet  is  again  hammered  out  into  81  square 
inches,  of  which  each  one  is  in  itti  turn  again  hammered  out  to 
81  inches.  Antimony,  on  the  other  hand,  Eies  to  powder  at  the 
first  blow  of  the  hammer. 
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Plasticity. — Some  solids  can  bo  moulded,  as  lead  in  a  bullet- 
mould. 

Rigidity — Flexibility. — In  evnry  rod  undai^iiig  flexion,  if 
this  be  duu  U.)  a  weight  suHpeiulal  from  a  freo  eiid,  tLere  must  Iks 
A  certain  extrusion  of  the  upper  aspect  of  t!ie  rod,  a  compression 
of  the  lower,  and  n,  Neutral  Line  between,  which  retains  its  original 
length.  If  the  flexure  be  due  to  a  weight  pressing  duwu  tho 
middle  of  the  rod  which  is  supported  at  its  extremities,  the  exten- 
sion is  in  the  lower  aspect  of  the  rod,  the  compression  in  the 
upper.  In  the  former  case  a  cut  in  the  upper  aspect  would 
weaken  the  rod ;  in  the  Utt«r  the  same  effect  would  only  be  pro- 
duced by  ft  cut  on  the  lower  aspect.  Fkxion  may  bring  about 
Wimpression  and  extension  beyond  the  range  of  the  breaking  or 
emailing  strengths,  and  the  body  may  thus  he  broken.  If  this 
occur  beforo  there  haa  been  any  perceptible  flexion,  the  body  is 
said  to  be  brittle :  if  it  allow  a  considerable  range  of  tlexiou  it  is 
said  to  be  tough — it  iDeuds  much  before  breaking.  The  crystd- 
linc  or  granular  or  fibrous  structure  vf  a  substance  has  mucli  tri 
do  with  the  extent  to  wliich  it  can  witbatand  stress.  Tin  ia,  for 
instance,  very  brittle;  wrought- iron  axles,  which  are  at  first 
fibrous  and  very  tough,  arc  subject  to  a  molecular  rearraugcment 
facilitated  I'y  vibration,  and  become  crystalline  and  brittle. 

Elasticity. — "  Elasticity  is  the  property  in  virtue  of  which  a 
body  requires  force  to  change  its  bulk  or  shape,  and  requires  a 
continued  application  of  tlie  force  to  maintain  the  chaitge,  and 
springs  back  when  thw  force  is  removed ;  and  if  left  at  rest  without 
the  force,  dues  not  renmiti  at  rest  except  in  its  pre\-ious  bulk  and 
shape  "  (Sir  Willioni  Thumsou). 

There  are  two  properties.  Resistance  and  Kestitution,  which 
;  must  concur  in  any  given  body  before  it  can  be  said  to  be 
elastic. 

The  coeffldent  of  resistance  to  extension,  K,  is  the  reciprocal 

of  the  coefficient  of  extensibility ;  i.e.,  K  =?  -tt  ;  and  it  is  the 

Force  acting 


fraction 


Proportionate  elongation  produced 


From  tlic  *quatioii  «  =  E  — ,  subsUtuting  —  for  E,  and  (mppftwng  i  and 
*  K 

_  Uj  be  iKith  unity,  we  gut  K  =  F.     Wlience  K  w  the  number  of  units  of 

force  which  irmild  have  tci  be  applied  to  a  rod  (of  t5ie  imbntance  whose  cooffidcnt 
at  t&daltnets  is  K}  whose  Bcctional  area  »  1  eq.  om.  in  order  to  double  :t« 
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length,  if  luch  doubling  wen;  poniblc     A  atccl  rod  of  1  sq.  on.  Kction  u 
Icngtheacd   gtgggffgggo   by  a  weight  of  1   grftiiime — w.,  by  a  foree  of  881 

dynuB.    A  force  of  one  dyne  would  lengthen  it  by 


B81  X  2,6S0,OOI),UUO 


The 


reuBtance  of  Gtc«l  is  accordingly 


1  Dyne 


S,4721SO,000000 


9S1  X  3,S20,000,<JU0 
dynes  in  C.O^.  meaauree.     Thia  measurw  the  «inouiit  of  force  which  would 
be  necessary  to  produce  an  cIongatioD  equal  to  the  oriifiaal  length  gf  the  rod. 

To  produce  any  kas  proportionate  elongation  — ,  the  force  neceGsary,  F^  ia 

The  Work  done  in  producing  extension  is  the  product  of  the 
average  resistance  overcome  into  the  space  throngh  which  it  is 
overcome. 

If  K  be  the  coefiBcient  of  retistanc?.,  and  a  rod  be  exposed  to  a  tensile 
force  F,  itretching  will  ro  on  until  the  ultimate  resistance  arrived  at  is  in 

equilibrium  with  the  stretching  force  F.     When  thia  is  the  case,  K   —  =  F. 

The  avtrage  mistance   encountered  by  the  tenaUe  force  ia   J   K  —  k  ^  F. 

The  Bpaet'  throtigh  which  the  rcaiatance  ia  overcome  in  e.     The  work  done  ia 
leaiataiici,-  x  apace  =  ^  F«. 

Th^  coefncient  of  resifltonce  to  compression  is  within  small 
limita  equal  to  that  of  resistance  to  exteusion,  and  obeys  the  same 
laws. 

Torsibility  of  a  body  is  measured  in  the  simplest  case — ^that 
of  a  rod  or  wire — in  tenna  of  the  artffle  through  which  a  unit  of 
force,  applied  at  the  distance  of  1  cm,  from  the  axis  of  tlio  rod 
or  wire,  can  twist  it  The  resistance  to  torsion  is  the  reciprocal 
of  this  angle.  The  work  done  in  producing  torsion  is  the  average 
resistance  (or  half  the  "  twisting  moment")  multiplied  by  the  angle 
of  twist. 

If  the  preasnnt  p  be  applied  at  the  end  of  a  lever  r,  the  twisting  momcat 
ia  ^ :  if  the  angle  through  which  the  wire  in  twisted  be  u>,  the  work  done  is 
Jym. 

The  coefficient  of  resistance  to  shear  ia  the  some  as  the 
coefficient  of  rigidi^,  which  is  a  constant  independent  of  the 
com  press ibility.  The  work  done  in  producing  a  shear  may  be 
specified  in  two  ways — as  the  product  of  the  average  resistance 
(ii.,  of  half  the  force  applied)  into  the  amount  of  the  shear,  or 
as  the  force  applied  into  the  amount  of  dispkcement  of  tlie  centre 
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of  figure  of  the  mass  sheared.  Either  of  Uiese  pairs  of  terms 
gives  the  same  product,  ^  F  .  PC .  tau  l*CV'  (see  Fig.  25X 

Power  of  Bestitution. — These  rcsistaaccs  are  not  the  only 
crit«rioQ  of  Klasticity.  A  body  may  resist  extension,  compression, 
toraton,  shear,  and  yet  not  be  ekstio.  In  onlor  that  it  may  be 
perfectly  clastic,  it  must  have  all  the  following  properties: — 

(1.)  Tt  must  otTer  a  definite  resistance  to  diatortion. 

(2.)  The  distortion  is  not  permanent,  and  if  tlie  distorting 
stress  he  removed,  the  distorted  body  springs  back  to  its 
original  form  or  bulk. 

($.)  The  disturbing  stress  must  be  continuously  applied  in 
order  to  keep  up  the  distortion. 

(4.)  As  long  as  the  distorting  stress  is  kept  up,  there  is  a 
counter-stress  or  restitution- pressure  (V)  developed  and  sustained 
in  the  elastic  substance.  As  this  holds  the  deforming  pressure 
(F)  in  check,  and  is  in  equilibrium  with  it,  it  must  be  Dumericallv 
equal  to  it ;  P  =  F. 

(5.)  The  restitutioa-pressure  does  not  become  dimiiiiahed  by 
lapse  of  time. 

The  rostitution-prMBure  P  in  ultimately  equal  to  the  deforming  force  F: 

a.iid  the  reatitution-preiBure  ia  pro- 


but  F  =  K.  "    whence  P  =  Kl 


portionftte  to  the  diBplacemcnt. 


1 


If  the  distortion    - 


1,   P  =  K, 


whGDCc?  P  =  TV1  ^^^  tho  rostitution-prcBSuro  or  rcatitution-furcB  then  exercised 
is  reprcsentcil  by  a  number,  the  Coe£Qciimt  of  Restitution  (or  "ooeffi(»ent  of 

^         ,  or  to  . J: .     If* 

Extensibility  Conipreuibility  I 


eliuticity  "),  which  is  eq^ual  to 


lav«  any  otlicr  value  than  unity,  the  nstitutioii-prewure  i«  K 


Under  any  given  distortion  wJttiin  the  limits  of  rostitutiva 
power,  the  restitution -pressure  is  equal  to  the  product  of  the 
coefficient  of  restitution  into  the  distortion ;  tlie  co- 
efficient of  restitution  being  numerically  identical  with  the 
reciprocal  of  the  compresaibllity  or  of  the  extenBihility.  It  is  usual 
to  profess  to  measure  the  elasticity  of  a  solid  by  a  "  cof^cieTil  of 
elaaiicity,"  which  ia  atatfid  to  be  equal  to  the  resistance  to  distor- 
tion. There  is  on  equality,  a  numerical  identity,  between  the 
resistance  to  distortion  and  the  coefficient  of  restitution  (upon 
which  the  amount  of  restitution -pressure  depends),  provided  that 
any  one  system  of  units  is  strictly  adhered  to,  and  that  the  body 
is  perfectly  elastic.      It  seems,  however,  strange  to  set  up  a  method 
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of  measuring  elasticity  baaed  on  a  tacit  fundamental  a&9um()tion 
that  the  bodies  dealt  with  are  perfectly  clastic. 

If  there  be  two  bodies,  of  which  one  has  a  low  the  other  a 
hij^'h  coctlioiunl  of  restitution,  and  if  the  same  di&plactimcnit  be 
effected  in  both,  the  restitution-pressures  in  the  two  siibstances 
differ  in  the  same  ratios  as  their  resi>ective  coefficients :  and  in 
these  two  bodies  tiie  rehitive  amounts  tif  work  stored  up  in  the 
form  of  tensional  or  potential  energy  also  differ  in  the  same 
ratio.  Elasticity  thus  jiresenla  two  aspects,  the  Statical  and 
the  Dynamical.  On  liberation  of  a  strained  body,  the  whole  of 
the  ene:^  stored  up  in  it  may  be  restored  in  the  kinetic  form. 

This  restitution  may  be  due  to  the  soliil  body  being  a  con- 
servative system  of  particles,  a  small  displacement  amongst  which 
acta  as  a  disturbance  of  masses  in  stable  equilibrium  :  by  such  a 
iliflplaccment  an  aggregate  force  is  called  into  action  wliich  tends 
to  produce  rest-oration  to  the  original  form  or  bulk.  In  an  elastic 
body  the  (.,'re8tcr  the  displacement  or  distortion  tlie  greater  the 
refititution-}trepsnre.  and  that  in  direi't  jiroportinn  i(Hoolce'8  law). 

Perfect  and  Imperfect  Elasticity. — A  body  is  perfectly 
elastic  wlien  any  given  stress  produces  no  permanent  set  or 
deformation,  restitution  being  always  complete.  It  is  imperfectly 
elastic  when  it  does  permanently  retain  such  a  set.  It  is  said  to 
be  strained  beyond  the  Limits  of  Elasticity  when  it  is  so  far 
strained  that  it  retains  such  a  set:  it  is  said  not  to  be  strained 
beyond  the  limits  of  elostieity  when  it  is  not  deformed  so  far 
that  it  cannot  exactly  retura  to  its  original  form  or  bulk.  When, 
the  limits  of  elasticity  are  naiTOW,  as  iu  the  case  of  lead  (which, 
thoufjh  exceedingly  easily  bent  so  as  to  taJte  a  penuaneut  set,  can 
yet  bo  induced  to  enter  into  vibrntion,  and  must  therefoi-e  be 
elastic  within  narrow  limits),  the  boily  is  said  to  be  "  imperfectly 
elastic,"  or  to  possess  little  elastic  toughness.  When  it  cau 
suffer  iJistortions  within  wide  limits  without  taking  up  a  perma- 
ment  set,  it  ia  said  to  have  great  elastic  toughness ;  and  a  body 
which  has  infinitely  wide  limits  of  elasticity  is  said  to  be 
perfectly  elastic.  There  is  no  body  perfectly  elsatic,  but  any 
body  may  within  the  limits  of  its  elasticity  be  considered  as  a 
perfectly  elastic  body. 

In  popular  language  a  body  ia  said,  like  indianibber,  to  be 
very  elastic  when  it  lias  great  elastic  toughness — i.r,  when  it  can 
be  distorted  through  wide  ranges  without  taking  up  a  permanent 
set;  but  this  use  of  the  word  should  be  discouraged  iu  favour  of 
that  nse  iu  which  it  is  made  to  signify  conjoined  powers  of 
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resistance  ^.1  defonuation,  and  of  restitution  of  shape,  of  )m11i,  ami 
of  work  doite  upcu  the  elastic  object. 

The  elastic  touglme&s  exemplilied  in  a  Toledo  sword-blado 
must  1}Q  distinguished  from  the  ordinary  iJtimate  toughneas  or 
hrcakin*^  touRhneas ;  the  former  may  he  much  less  than  tlie  latter. 
^\lieii  a  body  is  distorted,  not  beyond  the  limits  of  elasticity, 
and  lihcirated,  the  work  done  upon  it  ia  restored.  The  body 
exactly  regaina  its  original  form  or  hulk,  but  at  the  moment  of 
complete  restitution  tlie  energy  [Mjssessed  by  the  bndy  (if  perfectly 
elastic)  has  wholly  aasumed  the  kinetic  form,  and  the  body  passes 
rapidly,  if  it  lie  free  to  do  so,  throiigli  its  mean  form  or  bulk,  and 
sufifers  an  equal  distortion  or  alteration  of  volume  in  tlm  opposite 
sense.  Again  a  restitution-presaure  is  developed,  and  the  I)ody 
swings  back  through  its  mean  position.  This  is  repeated,  and 
thus  we  have  vibrations  produced  as  the  result  of  elasticity.  The 
force  bringing  back  every  particle  towards  tbe  mean  position  is 
proportional  to  the  distance  from  that  mean  positiun,  and  this  is 
the  criterion  of  harmonic  motions.  Hence  in  a  solid  body,  which 
is  a  system  of  particles,  any  displacement  sets  up  an  intramole- 
cular restitution -pressure,  which  results  iu  harmonic  motion 
(Fourier-motion)  of  the  separate  particles,  and  the  particles  of  a 
disturbed  tuning-fork  or  stretched  string  may  execute  hamionio 
vibrations,  particles  equidistant  from  one  another  generally 
assuming  equal  differences  of  phaae  in  their  respective  S.H.M.'a 
The  whole  body  executes,  like  a  pendulum,  isochronous  vibrations, 
as,  for  example,  the  vibrating  mainspring  of  a  watch. 

Viscosity  of  Elastic  Solids. — ^Vhen  an  elastic  body  baa 
enterf'd  into  vibration  it  appears  more  or  less  rapidly  to  lose  its 
energy ;  iu  vibrations  wane  away.  Thi.^  waning  away  is  due  to 
the  "  viscoiittf "  of  the  solid ;  the  energ)*  of  vibration  becomes 
converted  into  heat.  The  ampUtude  of  each  successive  oscilla- 
tion bears  to  that  of  tlic  one  immediately  preceding  a  constant 
ratio.  If  the  ratio  between  the  first  and  second  oscillations  be 
1  :%',  the  third  will  be  r%  the  7tth  will  be  u""\  On  account  of  this 
viscosity  a  tuning-fork  cannot  be  mails  of  lead  or  zinc,  the  vibra- 
tions of  which  too  rapidly  die  away.  This  "  viscosity  "  i.^  what 
is  frequently  understood  by  the  term  imperfect  elasticity :  tiio 
restitution  of  fonn  or  bulk  may  be  perfect,  but  that  of  energy  is 
not,  for  some  of  it  is  dipsipntod  in  the  form  of  Heat 

Fatigue  of  Elasticity. — ^Wlien  a  tuning-fork  is  kept  (as  by 
an  electromagnetic  arrangement,  p.  622)  continuously  Wbrating 
for  a  long  time,  it  stops  almost  instantaneously  when  the  exciting 
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cause  is  removed.  The  steel  requires  periods  of  real :  if  it  be 
kept  contiTinousIy  vibrating  it  haa  a  tendency  to  become  viscous, 
aiid  to  retnm  comparatively  slowly  to  its  laean  form  after  each 
diBpIacement 


Velocity  of  propagation  of  s.  wava-motlon  = 


-.—The 


TUdtution-pnaEurn  developed  in  cnnii»]iieiice  uf  a  diiiplac«incnt  vanea  as  K, 
the  coolRcient  of  reaiitutifto  ;  the  ftnceleration  produced  by  the  peHtitntion- 
prcMur*  variefl  as  the  reiiticiiCio&-pre»siin; ;  the  velocity  in  the  circle  of  tcfcp- 
oncc  {in  S.H.M)  vanes  as  the  tquart  not  of  the  aa^clcration  ;  the  vtlacity  of 
propagation  voric-*  aa  the  velocity  in  the  circle  of  reference :  therefore  the 
velocity  of  propagation  varies  sb  the  square  root  of  K. 

Given  tliu  same  clastic  pre.'uures  anil  the  saniw  wui-k  done  upon  two  bndiei 
whoM  respective  •Ivnittlcji  am  p  aud  p ,  the  energy  lieiii^  ei[uul,  tlie  retipectivtt 
YeLocitieH  produced  nitut  vwy  inverwly  ajj  the  sqiuir*  roots  of  p  and  p^, 

I  If. 
Hence  v  ec      /  — ;  and  it  can  he  *hown  that  no  multiplier  intervenes,  and 
V     p 

...  ^'^ 

thai  p  =      J  — 

V  p 

This  is  the  case  of  a,  sonnd-wave  tmvelling  Chrongh  a  solid  snlistance.  A 
eound-wave  is  propagated    throuj^ii   8te«il  of  ap.  deiiisiiv  =  7"85,  with  %'flocit)r 

cm.  per  Rccond  =  661 1  '77  nietrea  per  Bcco&d. 

The  property  of  Elasticity  is  not  inconsistent  with  brittlcnesa : 
gla^s  haa  very  narrow  limits  of  pliability,  and  is  accordingly 
brittle,  but  within  these  limits  it  is  eminently  elastic. 

PhyBioloffical  Examples  of  Blastloity. — The  whole  ligawentotis 
syHtt-iti  uif'unl.'i  exaiuples,  and  many  of  the  bonea  uJso  posBess  tliia  property. 
The  lit^imentjs  uf  the  ela-itic  arch  of  the  foot,  the  vertebral  li^aniutttM,  mid  tbc 
inU!rvertol)ral  diifc^  acting  i^raiiiat  the  do wii-^l ragging  weijjht  of  the  viecvra  ; 
those  lij^tniinU  which  hy  thctr  vury  molecular  cousiitutiun  (however  this 
may  be  accounted  for)  are  always  on  the  BtPBteh,  Bucb  oa  the  clastic  liga- 
ment  of  thfi  eye,  the  filled  arteries,  the  ligamenta  of  the  tymphysi*  pubit ;  the 
RomliiiK^d  tlcxiim  and  twiat  of  the  rihs  in  iuspiratiuu  and  Uieir  ela»lic  resti- 
tution in  espirutioii  ;  the  ligainent»  of  tlie  liuuelli branch  shell,  thv  tracheiB 
of  insects, — all  fiirniKli  rxanijdea  of  Elasticity. 

Tlie  Mechanical  Advantages  of  Elasticity. — These  can 
be  studitd  in  a  well-hung  vehicle  with  light  springs.  Any 
sudden  jolt  or  jar  is  not  coinmumcated  to  the  body  of  the  vehicle 
with  its  original  ahruptueaa,  but  gives  rise  to  a  wave -motion 
which  lifts  the  body  of  the  carriage  and  allows  it  tfl  oscillate  till 
it  returns  to  relative  rest  If  a  person  jump,  landinp  on  liis  feet, 
the  shock  ia  partly  broken  hy  tlie  clastic  arches  of  the  feet;  but 
further,  liefore  it  rtyicbea  the  brain  it  haa  to  pass  through  a  suc- 
cesaion  of  elastic  disijs,  the  uUimate  effect  of  whose  intervention 
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is  a  gradual  and  not  an  abrupt  arrest  of  the  downward  movement 
of  the  head.  Were  it  not  for  this  the  brain  would  be  ruptured 
by  exceedingly  small  leaps. 

Work  ia  directed  by  elastic  intermediaries  so  that  it  can 
become  useful  and  uot  harmful.  Joltit  and  jars — wliich.  aa  we 
havu  seen  under  Momentum,  iuvolve  the  Ui»appeajance  of  Enei^gy 
in  doing  harmful  mechanical  work — am  couverteJ  into  smooth 
wave-motions.  Thus  energy  is  saved,  as  well  as  mischief  prevented. 
If  a  person  nm  over  a  gravelly  road  with  a  heavy  vehicle  attached 
to  his  person  by  a  non-elastic  cord,  he  will  feel  greatly  bruised. 
If  he  interpoae  a  steel  spring  or  a  thick  piece  of  iudiarubber 
between  himself  and  the  vehicle,  the  pain  is  infinitely  lessened, 
and  the  actual  energy  expendetl  is  about  25  per  cent  less  (Prof. 
Marey  and  M.  Him);  work  has  not  l»een  spent  in  jolting  and 
jarring  himself  and  the  vehicle. 

The  UAe  of  elastic  intermediitmB  8Ugg{!etB  itself  in  all  caiiefl  when  jolta  of 
ftny  kind  w(/iilil  be  injurioua.  Comparo  the.  tiBecta  of  iin  involuntary  niorc- 
tncnt  tnjiiK'  by  a  ymticnt  wlitwe  liiiihii  «rft  nntler  cileneion  1^  a  weight  and 
aoQ-eljuiii;  conl  with  the  effect  of  tlib  winio  movement  when  a  Ii;:ht  spring 
intorvciif^s  bctwocn  the  limb  affocbed  uid  the  oxtvnding  weight.  Thi^  apriag 
pcrsiAtfi  anil  kccpa  np  the  teneion,  hut  it  yields  to  the  momentary  twitch  ; 
the  weight  riaea  a  little  and  sinks  bank  to  its  former  poaitioti. 

Strength  of  structures  as  depending  on  their  form. — 
This  is  the  special  study  of  the  Eugiuyi;;r.  Here  we  can  only 
state  a  few  principles. 

Galileo  found  that  a  given  weight  of  material  If  disposed  in 
solid  bars  presents  less  resistance  to  crushing  or  bending  than 
the  same  nmterial  arranged  in  the  form  of  tubes,  provided  that 
the  walls  of  these  tubes  be  not  excessively  thin.  The  following 
table  is  from  Weiabach'a  Engiiiecring  Mechanics ;— 


Boristsnca  to  Bruking. 

Resixtaoce  to  Cnuhing. 

MAs»ive  cylinfler,  mi.  =  4 
Ma»s  =  rr'lp  =  1 6irfp 

Hollow  ;  mdti  G  and  3 
Mofia  —  ibsrlp  —  QjrKp  » 
IGvlp 

I           1000 
\          1700 

lUOO 

aisfi 

Moftsive  cylinder,  rnd.  ~  5 
Hollow,  radii  A  And  4 
&  and  3 

1000 
870-40 
&&0-40 

lono 

870-40 
6SO-40 
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Henc«,  mass  for  moss,  the  hollow  tube  is  stronger:  diameter  for 
diameter,  the  solid  is  the  stronger.  The  strongest  tube  for  all 
purj>o&es  has  the  relative  radii  11  and  5. 

Kxiunplce  of  tlaia  kind  of  stnictnre  ve  find  in  tho  boUow  stems  of  plants, 
in  the  fBathern  ol  bicda,  in  the  long  bonea  of  tho  human  body. 

Economy  of  nmterial  may  he  nanied  still  further  by  the 
adoption  of  the  lamellaj  or  traheculated  structure.  We  see  in 
latticc-girdera  how  the  judicioHs  arrangement  of  strnts  which  sup- 
port each  other  makes  a  structure  strong  enough  for  all  practical 
purposes,  though  very  light,  often  much  stronger  thau  if  it  were 
burdened  with  the  stress  doe  to  its  own  excessive  weight,  which, 
if  it  were  solid,  it  would  have  to  support. 

In  the  fipongy  ntnictiire  of  bones  we  find  a  fiimilar  arrangement  In  the 
U]ip«r  end  of  the  femur  we  find  a  dispoeition  of  hDrizontrtl,  v^ilii-jil,  and 
obtupLc  trabecultD,  which  tof^olher  ftirm  a  rigid  trintigidur  fmmoworli;  »u|»pijTU 
ioR  tlip-  weight  of  the  bfMly.  In  the  ai«trag»lus  we  huve  a  oompiiratively  light 
and  poniits  structure,  but  the  trahccidK  are  so  (irranged  as  to  reBist  and  to 
distribute  the  dfjwnwiutl  pn.-nura  of  the  body  itud  the  compressing  pn^B5U^e 
exerted  by  IhoMt  Ijone*,  the  ob  calcin  and  the  scjiphoid,  which  abut  s^uinst  it 
in  the  arch  of  thv  foot 


CHAPTER    XT. 

OP  LIQUIDS. 

This  chapter  may  be  divided  into  three  parta  treating  of  (1) 
Molecular  Actions,  (2)  the  Statics  of  Liquid  Masacs, 
(3)  the  Kinetica  of  Liquid  Masses. 


1.  MoLKOULAK  Actions. 

Cohesion. — If  a  ring  of  iryn  win)  be  dipped  into  a  solution 
of  »oap,  it  will  be  seeu  on  taking  it  out  thttt  the  cohesion  of  the 
liquid  causes  a  tilm  to  be  rormed  which  remains  stretched  across 
the  ring.  The  force  of  cohesion  is  also  manifested  by  a  drop  of 
water  han;,nng  from  a  f^hiss  rod.  Such  a  drop  may  be  gnulually 
increased  in  size  till  at  a  certain  maximuui  it»  weight  civercomcs 
its  colu'siciii,  tlie  water  breaks  asunder,  and  the  drop  ftills.  A  thin 
roil  of  glass  or  wire  of  metal  may  similarly  be  fused  at  the  end, 
and  the  fused  drop  may  be  increased  in  size  by  continued  fusion 
until  the  molecular  forces  can  no  longer  counteract  its  weight  A 
little  wat<!r  on  the  end  of  a  thick  glass  rod  will  retain  a  piece  of 
paper  placed  in  contact  with  it  oven  though  some  grains'  weight 
be  .suspended  from  the  paper. 

Surface  Tension. — It  has  already  been  remarked  that  the 
molecular  forces  are  most  strikingly  manifest  at  the  surface  of  a 
liquid,  and  that  every  liquid  may  bo  regarded  as  bounded  by  a 
superiicial  skin  or  film,  which  behaves  like  a  stretched  membrane, 
and  which  in  time  reduces  the  coiitaiiiei!  fluid  to  that  fnriu  which 
gives  to  the  greatest  cubical  content  the  least  superficial  ai'ea. 
The  tension  of  this  superficial  tilm  is  the  Surface  Tension  of 
the  fluid.  A  raindrop,  a  shnt  falling  from  a  ehot-tower,  assume 
the  globular  form  because  the  sphere  is  the  simplest  geometrical 
form  which  fulfils  those  conditions.  A  bubble  of  air  in  water 
assumes  a  spherical  form — -not  perfectly  so  on  account  of  the  re- 
sistance to  its  ascent.     The  most  convenient  way  of  studjing  the 
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bus  fornia  assumed  by  masses  of  fluid  under  the  influence  of 
smface  tension  is  to  relieve  them  of  the  effect  of  gnivity  by  float- 
ing tliem  in  liquids  of  their  own  speciOc  density,  with  wliich  they 
will  not  readily  mix. 

A  mixture  of  alcohol  anil  water  in  Jiiade  of  the  Kiiiiie  speciGc  density  a* 
olive  oil.  M(UB«s  of  olive  oil  pitted  iti  iWm  iluid  will  neither  rise  nor  iink, 
hut  will  ft»ituiue  the  glohulor  funii.  If  thc^  he  not  free  tu  n«t<uiue  the  ([lobt 
liir  foiiii,  but  liuvu  limiting  cuiLdttiuDH  iinpoecil  upon  thcui,*  ihcy  luny  ossuniei 
(jtoniBtriiail  fonii)-  of  preiit  intert-Ft,  all  liavin^*  the  Rmall«Bt  tfuperfteijd  areal 
puwiblc  unJor  t)ic  pivun  conditions.  If,  for  exumplo,  into  sinrli  a  globul 
niasB  of  oil,  an  oiled  divwUr  disc  c>f  imn  he.  sii-».ppn(led,  having  a  diame 
ppealer  thnn  that  of  the  nifuw,  the  mass  nf  oil  will  spr«n/l  over  cjich  fuct?  of  ths 
iliflc,  itnd  will  frirrii  an  ewh  fide  of  it  a  si-j^n-nt  of  a  lAigtr  sphere.  If  encli 
II  diac  be  hronght  up  to  the  globular  nitwa  hy  one  t&tx  only,  the  oil  will  not 
IIM8  nmnd  (he  edge  of  the  disc-  The  ciHTratui-e  of  tlie  segments  of  »phtT<.'» 
proclticed  tuny  be  nioiliCied  by  adding  or  removing  oil  by  meims  of  a  pipett*. 
If  a  short  oiled  cylinder  with  op«n  ends  he  put  into  the  dilute  tilcohol,  and  a 
mass  of  oil  inserted  by  aicuins  of  u  pipctiv,  the  oU  will  till  the  cylinder  and] 
fonu  II  kind  vi  Licoiivcx  luiis  of  oil  ;  by  mi:anB  of  a  pipc-tti;  ud  mny  he  t&tcen 
fruui  the  mass  till  it  hecoDica  u  hk-oDcavu  l<.>nUi::ular  uiasa  ;  or  if  the  i.>pcratioa 
be  slopped  at  the  riyht  iiisUiut,  a  plane-«nded  cylindrical  mass  of  oil  will  be 
obtained.  If  a  circular  ring  be  iumersed  in  n  Iiu-ge  nia^  &f  oil,  and  Etiuie  of 
Lhp  oil  be  thou  rfniovcd,  the  mnnn  will  asdume  A  lenticular  form.  If  a  tittle 
imn  fraiiu'work  be  constructed,  representing  in  ouUini'  the  eidi^ji  (one  incli)  of 
a  cube,  and  hnnj:;  into  a  niawt  of  oil  whith  is  then  gradually  removed,  the 
mass  of  oil  will  faav<!  part  of  ila  peripliery  determined  by  the  iron  framcworlc, 
and  will  assume  the  appearance  succe^ively  nf  a,  cube  with  convex  sidea,  of  a 
cube  with  plane  eidcb,  of  a  cube  witli  cuiiuive  itid«H, 

But  we  can  atudy  the  effect  of  surface  tension  to  even  greater 
advantage  when  we  diminish  the  mass  of  a  fluid  without  decreas- 
ing the  area  of  tlie  suporfictal  film.  This  we  can  do  by  using 
soap  films  or  collodion  films, 

Soap  Films.  — Pliileau's  method-  I  part  frcah  moist  Marwillca  aoap 
(ratich  better,  pure  oleate  of  soda)  cut  into  very  emal!  pieces  ;  dissolve  with 
moderate  heat  in  40  porta  by  weight  oF  distilled  water.  Filter  througli 
mode nitely- thin  filter  paper.  Mix  thoroughly  15  volumes  of  this  sulutlou 
with  1 1  voliiiaee  of  Price's  ylyceriiio  ;  let  the  mixture  fltand  for  ecvcn  daya. 
()a  the  ui^hlh  day  cool  duwu  to  3*  C.  fur  six  hours ;  a  coniuderabk  depocdt  is 
furmetL  Filtur  through  porous  papur,  hut  tnki;  the  precaution  of  placing  in 
each  liltiir  along  wiih  the  dilution  a  little  closed  (Stoppered  bottle  full  of  ice. 
Thi'a  will  prevent  the  re-sohiUon  of  the  precipitate  formed  by  cold.  Tht  first 
tdlnkte  ie  tiirpiit,  but  this  must  be  nfiltcrvd  till  it  ie  limpid.  Films  and 
bubblea  ma<le  with  this  dilution  lart  for  eighteen  hours  if  kept  nnder  a  glaaa 
shndc  in  very  ftlightly  moist  air. 


*  Refer  to  KD  oxccrdingly  channing  work  by  M.  Platcan,  Siati^ne  tia  Lirfuidf 
ttnuftU  aux  MuUa  Ft>TcM  viaUeuiairfS^  a  treasure- bouse  of  ciperimcots  devised  by  a 
MvarU  afflii^tcd  with  total  blindness. 
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Collodion  Films. —(*7<ttk=).  Etlicr  89  portn  l>y  wtiglit,  fthmlnto 
ftlcohol  &j,  ])liolcjgrupEiic  fpiD-cotton  5)  ;  i]i«i<olve.  Dccjuil.  To  100  poitM 
Ly  volumi;  oF  the  clear  solution  add  70  to  UIO  parts  of  pure  eostor  oil.     This 

miTtupc  is  tenacious  enough  to  permit   tht  use  of  frameworks  8  cm.  in 
■liamt^tcr. 


If  a  roughened  ring  be  dipped  into  eitlier  of  these  mixtures, 
and  taken  out,  a  plane  film  wiU  be  fouud  stretclieil  across  it  A 
pipettR  (whoao  point  lias  been  dipped  into  the  Siime  mixtiire)  may 
be  employed  to  Mow  bubbles  and  place  them  on  this  film,  and 
then  to  enlarge  or  diminish  these  bubbles.  Such  films  and  bubbles 
stretch  themselves  into  the  moat  singularly  beautiful  forma  when 
iron  frameworks  forming  the  complete  angular  periphery  of  cubes, 
pyramids,  cyliuders,  and  so  forth,  aro  substituted  for  the  roughened 
rinj^  above  described  ;  and  these  forma  may  be  infinitely  varied 
by  modifying  the  size  of  the  bubbles  placed  on  the  films,  or  by 
breakiug  with  a  hot  needle  the  connection  of  the  film  vith  one  or 
more  of  thu  periplKirical  bounding  lines ;  in  the  latter  case  the 
most  bmuiiftil  skew  surfaces  arc  formed,  all  presenting  the  least 
area  poflsible  under  tho  limiting  conditions. 

If  {111  a  simple  (ilui  aLretthud  over  a  ring,  a  piece  of  silk  thread 
(moistened  beforehand  with  the  same  solution)  be  laid  in  such  a 
way  that  the  thread  crosses  itacif  at  some  one  point  on  the  film, 
and  if  the  film  be  pierced  inside  the  loop  of  thread,  the  loop  will 
fiy  open  and  form  a  perfect  circle :  for  the  rest  of  the  film  tends 
to  occupy  as  small  an  area  as  possible.  If  a  drop  of  alcohol  be  laid 
within  tlie  loop,  the  loop  Hies  open  in  the  same  way;  although 
the  film  is  not  broken,  yet  its  surface  tension  is  dimintsheii. 

If  a  shallow  dish  containing  mercury  be  tilted  over,  so  that 
the  mercury  is  on  the  point  of  pouring  out ;  if  then  some  of  the 
mercury  bo  drawn  over  so  as  to  start  a  flow,  the  stream  will  drag 
the  mercury  out  of  the  dish. 

If  a  piece  of  camphor  be  placed  on  cleflti  water  it  partly 
tliasolvcs  in  the  water.  A  strong  soluliou  of  camphor  lias  less 
superficial  tension  than  a  wetik  solution,  which  in  its  turn  tias 
U-ss  tension  than  pure  water.  At  any  part  of  the  surface  where 
the  solution  happens  to  be  more  dilute,  there  the  weaker  solution, 
having  the  greater  tension,  pulls  the  camphor  townrtls  itself. 
The  camphor  accordingly  flics  about  the  surface  of  tlie  water. 
This  i»  generally  prevented  by  allowing  the  finger  to  touch  the 
water,  unless  the  finger  be  beforehand  specially  purified  ;  so  slight 
a  trace  of  fatty  matter  communicated  to  the  water  prejudices  its 
surface  leuslou  to  so  great  an  extent.     If  a  drop  of  ether  be  sus- 
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pended  by  a  glass  rod  close  to  a  tliiii  layer  of  water,  the  rest  of 
tbe  water  is  observed  to  See  from  the  spot ;  the  surfac«  tension  of 
the  rest  of  the  water  is  unchanged,  hut  just  \uider  the  drop  of 
Ktber  the  tension  is  [liiuimshed  by  absorption  of  the  ether-vapour. 
A  thiti  layer  of  water  into  the  centre  of  which  n  drop  of  tJcohol 
is  thrown  leaves  tlio  alcnhol  for  a  similar  roaaon.  If  a  glass  of 
strongly  alcoholic  wine  he  tiltod  ao  as  to  moisten  the  side  of  the 
glaas,  the  film  of  wiiit!  left  will  j^'mdually  lose  sonio  alcohol,  and 
becoming  more  aqueous  it  will  have  a  greater  suijerficial  tciiaiou 
tlian  tlie  wine ;  it  will  pull  itself  up  tlie  aides  of  the  ginsa  and 
gather  into  Jrops. 

Measurement  of  8ur&oe  TenslQU. — A  e«ap  or  coUodiou  film  Iiiw 
two  siirfiirGt),  Anil  if  the  liliu  1>i>  not  loo  Ihiii,  tlieei!  am  intlqieaiJ'Uiit  of  one 
another.  Ccwiwquontly  the  teiiBioii  of  a  film  ift  doulile  tlmt  of  a  Aiiigle  Hurface 
of  the  lunic  fluid  ami  of  the  snmo  area  Ttic  tt^nitiiin  of  n,  film  cnn  he  meafnirei] 
directly.     A  little  framework,  conautin]^  of  n  mnsvenc  t>ar  AB,  and  twu 

groove*!  alips  CD  and  EF,  allowii  the 
A         c  Fir.Wl.  ^  piece  of  wire  GHIJ  to  php  frftily  up 
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atjiJ  down  the  prnoves.  The  vrire  i« 
piiithcd  honH>,  and  a  rjuantilyof  tbe 
linuiii  i«ii]i])liwn>i'tw*;eii  HI  andCE. 
The  littU-  piin  X  iiiiiy  he  hwtdcd 
with  rami  until  the  wJiv  HI  in  {iiiUed 
out  to  a  certain  distance  Cp  from  AJi. 
WJien  it  ia  iti  thjit  jiOHitiun.  tlie  film 
ha>  uii  (irua  CE.C^^.  The  weight 
uf  the  total  iiiiiM  Eii»>]jL-iidtxl  uii  Uil- 
rdm  nnd  tlio  tension  over  thf  atva 
CE .  C^  OTB  ef|ual  Ui  on«  another. 
If  the  total  weight  applied  be  incrvaeod,  tht  area  ntvinniorl  by  the  lilm  in 
Iacrea8t!d  in  dii-utt  pro|njrlion.  Th«  totil  weight  F  is  di.itrilniTaI  over  the- 
hnadth  CE ;  wii«nw,  if  T  r<.-preeunt  the  snperfii'iid  lensioii  across  unit  of 
Ungih  of  OE,  then  F  =  T .  CE.  The  enerpj'  of  the  film  is  the  work  done 
upon  it ;  force  F  lias  pulled  the  film  through  a  upaw:  t.'p ;  th«  ciicTRy  is 
F  x  Cj)  =  T.CE.Op.  The  t-nnrKy  may  also  be  rvpresented  as  the  product  of 
8  (tlie  •jocTKy  per  unit  of  ami)  x  CE .  Cp  (the  area)  =  3 .  CE .  Cjn.     Hence 

T.CE.C;.  =S.CE.C> 
T  =  3 

The  enerpy  per  unit  of  area  (wliich  in  the  «aie  of  a.  map  Rim  is  54-936  pikb 
per  sq.  cm.)  i*  nuim-ri(^dly  i-qiial  to  the  tenrioa  across  each  unit  ui  k-iijith 
(whiidi  in  thft  smme  aw  in  54*936  dynes  per  eta).  Theso  arv  iudepcudeiit  of 
thtr  form  of  the  film,  atiil  depend  only  on  Itaactuul  area,  not  on  its  eurraluni. 
For  wwth  sinsl«  aurfwe  T  and  S,  as  found  by  experiment  on  filmn,  must  bo 
halved. 

Thia  Modulus  of  Siijierficial  Tcnaioti,  T,  is,  in  all  tlic  instonctt 
which  vfn  have  eo»sidere<i,  that  of  u  Burface  between  the  liquid  and  the  nur- 
munding  sir.  In  thie  case  of  pure  and  perfectly  clean  water  and  air,  thb 
uiodiilus  is  equal  for  coch  surface  to  81'96173  dyne*  per  »<\.  cm.,  very  nearly 
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Ttt  tiiiiM  difi  mperfibiol  teitrion  of  a  «in(;lo  «urfaee  of  soap  aolutaon  fn  wm- 
tHct  wiUi  air.  TTic  tcnsiim  of  the  bauncliDg  surface  Miiaratins  olive  oil  and 
nil-  ia  3C'8S5G  Jynca;  Ihnt  uf  the  surfuce  between  olive  oil  and  waUr  i» 
ISO'DeiTG  dyiiea  |if>r  cm.  At  th«  meeting  plaee  of  oil,  vraLer,  ttiul  air,  these 
mt  larfiu;!^  mmt ;  tht  t^tiwicMi  (if  tlin  n'At«r-Air  HUrfare  (le<-icle<]]y  prepondv-r* 
.tax,  nvi  till?  i^Ikvi  of  (ui  oil-drop  fluatinf;  ou  w«t«r  ii<  drawn  out  iitdo(initt.-ly. 
If  (v  drup  of  u-at«r  1w  plat-oil  oa  chlnroform — lb«  rwpectivc  t«-ii«ons  bviag 
w«ter.«ir  81-90173,  chluruforat-nir  30-8072,  and  clilwrvftinn-wtttcr  2d'9281 
— its  «urfai?e  teasiun  (M-atcr-aJr)  at  tirsi  prepondemU;»  and  ]>nlls  it  into  a  drop. 
When  water,  air,  ami  olwiii  ylti*s  mv  pluLud  iu  contact  there  in  agaiii  a  triplet 
tennoiiB,  the  rf«nlttint  of  whii-h  piilU  the  naier  uvt:r  ihu  KhLft<,  which  its 
ua  wettud  by  the  water.  Tliu  water  ttudx  to  fUanl,  m>  tluit  lia  unri'iKi;  uiukui 
certain  anglii  with  Uu  glau;  this  in  Lhu  ansle  of  oaplllarity,  180* 
twecn  water  and  glwa.  4fl*-3o  between  niMiiuy  and  ^Ush. 
In  llu-  *'.isH  i.f  water  thia  an^l<*  »  em^li  tlml  the  upper  Burfaee  of  water  in 
contact  with  glntut  ib  concttvu ;  in  the  caaii  of  lum^iiry  the  upper  .nurfiure  it 
rendered  convex. 

On  thu  currature  of  the  ii]ipiT  HUrfoco,  thun  deteririineil,  ()«-]>end«  the 
diruction  in  which  thu  cnntmctilf  t«n»ian  of  the  «ii{ii-rfi<riiil  film  aoln.  The 
concave  Burfaw  of  water  t*mU  t'l  continct  and  become  (hit,  and  it  d'^ea  *o  in 
proportion  to  the  curvature  imposed  on  it. 

Tlio  narrower  a  capillary  lulw  is,  the  greater  is  tlie  curvature 
of  the  surface  of  any  Utiuid  standing  in  it,  antl  therefore  the  preatcr 
is  the  contractile  tendency  of  that  surface.  The  cfl'ect  of  l\m 
teudenc}'  is,  in  the  case  of  water,  tu  exert  tin  upward  pull,  to 
neutralise  to  some  extent  the  flownwanl  efrect  of  gravity,  and  to 
support  a  column  of  water  in  the  tube.  Hence  water  stands  at  a 
higher  level  in  a  narrow  tubo  whose  lower  open  end  is  dippetl  in 
water  than  it  docs  in  a  wider  one  ;  and  the  hei<»ht  of  the  column 
supported  is  inversely  proportional  to  tlic  radius  of  the  tubo  at 
the  «pot  where  the  cur\'ed  surface  of  the  liquid  is  situated.  Mer- 
cnty  under  fiimilar  circumstances  stands  at  a  lower  level. 

This  tendency  of  a  curved  surface  to  exert  traction  or  pressure 
on  a  Huid  may  be  seen  in  a  conical  capillary  tube ;  if  a  drop  of 
water  be  introduced,  the  smaller  concave  surface  will  pull  the 
drop  towards  the  apex;  if  a  drop  of  nmrcur}',  tlie  smaller  ccmvex 
surface  will  push  tho  mercury  fi-oni  the  a|>cx. 

Capillary  plienoiucna  are  tlm»  plienomena  of  surface  teiiiiou  ;  ami  it  is 
futitu  to  uxpLuii  the  rise  of  Bap  In  pluut«  or  the  |)a)!>at;e  uf  fluidH  tliruiigli 
minute  veseeLi  by  "  (.■upilUiry  altructiun  "  whL-n  Ihtrw  is  no  freo  surfa™.  An 
ex]>eniueut  whith  lony,  on  the  oiher  hiind,  iUuKimie  iheKu  movement*,  con&ietA 
in  oiliti^  the  interior  of  an  open  raipillary  tube,  lilling  it  with  wntt^r  and 
dipping  thfi  end  of  tho  tnU'  in  oil ;  thi^  attraction  of  thi.>  .tidcH  of  thfi  tnhe  for 
oil  will  caniic  the  oil  to  run  alont;  tho  tnbc  and  to  drive  out  the  wat«r  ;  thiii, 
kowcrer,  in  not  an  esclosivcly  capillar;  phenomenon. 

IE  two  plates  of  clean  gloss  bo  aet  to  stand  vertically  and 


246 


OF  uguiDS. 


[OB  A  p. 


parallel  to  one  another  in  a  shallow  disli  of  water,  the  wat«T  will 
rise  «p  the  sidea  of  each  to  a  height  half  that  which  it  ivould 
attain  in  a  tube  whose  diameter  is  equal  to  tlie  distance  l>etween 
the  plates.  Jf  tbs  two  plates  have  two  vertical  edj^es  in  contact, 
the  liquid  will  rise  inJufinit^y  wliere  they  are  in  contact;  at 
other  parts  it  rises  to  a  height  inversely  proportional  \a  the  local 
distance  between  the  plates,  and  it  thus  presents  the  outline  of 
an  equilateral  hyperhola. 

Just  an  the  stirfacc  of  a  liquid  is  raised  oj^inst  a  fi  xcd  plane  of 
clean  glass,  so  a  boating  vesael  of  clean  glass  may  by  surface  tension 
lie  pulled  down  so  as  to  lie  more  deeply  in  the  liquid  than  its 
jcific  gravity  woiihi  lead  us  to  expct.  A  tluatiiig  hydrometer 
^ways  gives  an  ahnormally  low  reading  on  this  account;  it  is 
pulled  into  the  liquid,  so  that  the  liquid  appears  to  be  lighter  than 
it  really  is.  If  a  little  vapour  of  ether  be  poured  on  the  surface 
of  the  liquid  so  as  to  diminish  the  surface  tension,  the  hydrometer 
rises.  If  the  water  have  any  grease  on  its  surface,  the  same  effect 
follows.  If  the  liydronieter  be  gieasy,  it  is  repelled  and  stands 
ahuomially  high  in  the  liquid.  Hence  great  confusion  and  in- 
accuracy may  result  frouj  hlius  of  grease  on  the  glass  or  on  the 
Uiigers  of  the  manipulator. 

Objects  wliieh  are  wetted  by  tlie  liquid  in  which  they  float 
are  thus  appaiently  attracted  by  it;  those  which  are  not  so  are 
apparently  repelled.  Two  wetted  objects  floating  on  water  seem 
to  attract  one  anotlier;  two  object'*  floating  on  a  liquid  which 
iloes  not  wet  them  both  aeem  also  to  attract  one  another.  This 
may  be  seen  by  throwing  upon  the  surface  of  water  a  number  of 
wooden  balls,  of  which  some  are  smoked  with  lampblack,  while 
otheis  arc  purified  first  with  soap  and  water,  then  with  pure 
water ;  the  smoked  balls  upproach  each  other,  the  clean  ones 
approach  each  other,  but  the  clean  balls  appear  to  avoid  tho 
smoked  ones. 

We  may  mention  another  consequence  of  surface  tension.  A 
jet  of  water  issuing  from  a  rectangular  orifice  is  most  acted  upon 
by  surface  tension  at  its  naiTow  edges.  Tliese  are  pressed  together ; 
they  meet,  and  when  tliey  do  80,  sjiread  out  laterally ;  the  same 
action  is  rt^pt-atetl,  lunl  the  whole  jet  is  a  succession  of  flat  segments 
at  right  angle-8  to  one  another.  At  fli-st  sight  such  a  jet  sertnis  to 
have  a  screw  form. 

The  duitanccs  at  which  molecular  forces  act  are  not  immea- 
surably small.  Quincke  found  that  while  water  stands  against 
glass  at  one  angle,  against  silver  at  another  angle  of  capillarity, 
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yet  against  glass  coaled  with  silver  it  stands  at  such  an  angle  as 
to  show  that  the  iuiluvuce  of  the  glass  is  felt  through  the  silver 
when  the  layer  of  silver  is  leas  than  '000.005  cm.  thick;  this 
thickmsa  heing  one-tenth  of  the  average  length  of  a  wave  of  light. 

Superficial  Viscosity.— Thb  is  a  property  of  the  superficial 
film  of  lifiiiids  which  is  independent  of  the  surface  tension.  If  a 
■magnetic  neodln  Im  so  adjusted  os  to  have  its  lower  surface  in 
contact  with  the  surface  of  a  solution  of  saponine,  it  will  remain 
in  uny  position  in  defiance  of  the  directive  force  of  the  earfch'a 
niagiietiain.  On  the  surface  of  niOHt  rither  lluids  it  will  mwve  into 
the  magnetic  meridian,  hub  the  wliule  superficial  film  of  the  liquid 
will  move  with  it,  as  may  be  shown  by  strewing  lycopodinm  over 
the  surface.  Tlie  supcrticial  film  is,  as  a  ride,  exceedingly  viiicou!* 
as  cumparetl  with  the  interior  mass ;  it  is  consequently  liard  to 
move  or  to  break.  If  a  liquid  have  great  superficial  viscosity  and 
small  surface  teusion  (as  in  the  case  of  soap  and  water),  a  bubble 
rising  through  the  liquid  may  raise  the  surface  film,  which  the 
tension  is  not  able  to  break  :  the  bubble  may  tlierefore  persist. 
If  a  wire  ring,  bearing  a  soap  fiUn,  be  swept  rapidly  through  the 
air,  the  air  may  fill  and  stretch  the  film,  and  separate  part  of  it 
in  the  form  of  a  complete  bubble.  A  buhl)lu  rising  with  very 
great  rapidity  through  a  fluid  may  tear  off  some  of  the  racous 
superficial  film  and  form  a  complete  bubble :  this  is  seen  when  a 
mixture  of  olive  oil  and  strong  sulphuric  acid  is  vigorously  stirred. 

Pure  water  has  great  surface  tension,  whicli  is  able  to 
overcome  the  superficial  rwcosity.  Thus  pure  water  will  not 
froth.  Some  liquids,  such  as  a  solution  of  gum  nrabic  or  of  albu- 
men, will  froth  when  shaken,  hut  their  superficial  viscosity  is 
not  sufficiently  great  to  enable  bubbles  to  l>e  blown  with  them. 
Alcohol,  .sulphuric  ether,  sulphide  of  carbon,  and  some  other  liquids, 
liave  a  su}ierficial  viscosity  less  than  their  internal  viscosity,  and 
consequently,  when  alcohol  is  mixed  with  a  superficially  viscous 
hquid,  it  neutrjilises  its  i-ulative  superficial  viscosity,  and  frothing 
is  rendered  impossible.  Hence  the  practice  of  adding  a  few  drops 
of  spirit  in  order  to  check  frothing  in  pharmaceutical  operations. 

To  this  toughness  of  the  superficial  film,  the  floating  of  an 
oiled  needle  or  the  walking  of  an  insect  on  water  must  be  in  part 
ascribed.  The  depth  of  the  dimple  produced  by  t3ie  needle  is  not 
sufficient  to  account,  by  displacement,  for  the  support  afforded  to 
so  heavy  a  body:  the  superficial  tension  is  diminished  by  the  oil : 
the  tenacity  of  the  surface  film  plays  its  part  in  supporting  the 
needle.     To  the  same  cause  we  must  attribute  the  smoothing  of 
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iW  tvtaot  of  a  rough  sea  when  oil  is  poui<ed  upon  it :  the  new 
^mt^Oi  haa  grmt  superHcinl  teiiaciLy  and  small  Bupedicial  t(>nsion, 
ttA  it  Boc  naiKlj  limken  up  iuto  suii. 

A  bubble  iu  buisting  does  so  with  an  audible  sound :  it 
xhUms  nutidea  of  its  substance  and  of  the  contained  gns  to  a 
hcMbl  vt  tbno  or  four  (wi ;  this  happens  during  the  clfen'csccnce 
«f  ««lig«  which  is  uu(ti>r^oin|^  fonnentntion. 

Oohasion  Figures. — If  Clio  surfnco  of  a  tumhlerful  of  Biilt 
mtar  (1  ti'.i^p<it>iirul  to  Uie  tiitiiMer)  he  loucht-d  wiLti  a  pen  noc 
too  full  of  ink,  Uio  ink  will,  in  falling  throug}i  the  liquid,  assume 
WIT  wmarkftWe  vorticjil  movements.  A  shower  of  rain  falling 
on  *  troubled  aea  produces  similar  vortex  rings,  which  are  carried 
«1own  into  regions  of  comparative  stillness,  and  moderate  the  tur- 
bul«oco  of  the  water  by  ecjualisinjj  its  tlistribiitioti  of  momentum. 
The  forma  aaaunied  hy  dioprt  of  water,  or  of  mercurj*  falling  on  a 
tint  surface,  al  the  instant  wheu  tlie.v  sjiread  out  and  break  arc 
v«y  remarkable,  and  may  be  seen  when  the  spreading  drops  are 
raoniontiirily  illuminated  by  Uie  electric  spark.  Tlie  edge  of  the 
spr^'adiiig  drop  breaks  up  into  thinner  ami  thicker  uod^  and 
looji*  which  vibrate:  very  roughly  the  result  may  be  seen  in  a 
oooloil  splash  of  eaiidlo  wax. 

Solubility  of  Solids  in  Liquids. — Wlieit  a  solid  is  dissolved 
in  u  liquid,  work  is  done  in  overcoming  its  cohesion.  This  co- 
hesion is  overcome  by  the  adhesion  between  the  solid  and  the 
liquid.  Ice  put  into  sulphuric  acid  has  its  suporficia!  particles 
succesaively  torn  off,  and  a  nuws  of  dihitc  sulphuric  acid  (which 
on  jiccouut  of  liquefaction  a-wumes  a  low  temperature  unless  heat 
be  anppUed)  is  produced,  Such  union  may  or  may  not  be  asso- 
ciated with  a  play  of  chemical  afhnities ;  iu  the  case  of  ice  and 
aiilphuric  acid  there  is  a  tendency  to  the  lu-oduetion  of  duflciite 
hydrates  of  sulphuric  acid,  the  foimation  of  wliiuh  is  accompanied 
by  the  evolution  of  a  certain  artiount  of  heul.  If  sulphate  of  mag- 
iicftiii  be  placed  in  water  it  will  be  dissolved  to  si  fertain  liniited 
extent;  if  the  salt  Iw  added  in  excess  above  this  limit  it  will 
uot  be  dissolved ;  when  this  limit  has  been  reached  the  solution 
is  a  saturated  Bolution.  Tliis  limit  is  exjiressed  by  the  CO- 
efBcient  of  solnbility,  u  uunibor  indicating  the  quantity  of  solid 
which  eon  be  dissolved  and  remain  in  solution  in  unit-mass  of 
the  liquid  at  the  particular  temperature  for  which  the  coefficient 
is  or  ought  u*  be  specified.  A  saturated  solution  can  dissolve  no 
further  quantity  of  the  same  salt,  for  the  adhesion  of  such  a  solu- 
tion to  the  salt  is  no  longer  greater  than,  the  cohesion  of  tiie  siilt 
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itself.  If  the  cobesion  of  tlie  salt  le  lessened  by  heat,  more  niay 
be  diwolveU ;  and  as  a  Riincral  rule,  with  but  few  exceptions — 
hydrate  of  liuie,  sulphate  of  soda,  phosphate  of  luagneaia — sails 
arc  more  soluble  in  hot  than  in  cold  water.  The  adhesion  of  a 
liiiuiil  to  the  solid  wliich  it  Iiolds  in  fiolutinn  may  be  relatively 
great  or  feeble;  mid  ila  relative  amount  may  bo  indicated,  though 
not  measured  quantitatively — (1)  by  a  hij^h  <ir  low  coefficient  of 
solubility;  (2)  by  the  iimouut  of  energy  which  must  Iw  imparted 
to  the  molecolea  in  order,  by  boiling,  to  tear  the  water  awny  fi-oni 
the  salt,  or,  iu  other  words,  by  the  high  or  low  boiling  point  of  a 
saline  solution;  (3)  by  the  relative  effect  of  charcoal  filters  in 
retaining  the  salts  of  a  saline  solution  ivhilo  allowing  the  water 
to  -pass,  a  propeily  made  use  of  iu  the  analysis  of  poisons ;  and 
sometimes  (4)  by  the  detachment  of  the  Liquid  from  the  solid  by 
a  stmnger  molecular  attraction,  as  iu  the  case  of  iodide  of  starch, 
a  solution  of  which  is  precipitated  by  acetate  of  potash,  the  watur 
leaving  the  iodide  of  starch  and  adhering  to  the  salt. 

Wlien  a  saturated  solution  is  cooled,  tlic  adhesion  between  the 
liquid  and  the  soUd  dimiuishes,  the  coeflicient  of  sohibility  dimi- 
nishes, and  the  solid  se*,TegutcB  in  a  separate  fonn :  thus  hot  satu- 
rated solutions  may  be  set  aside  to  cool,  and  on  cooling  tliey  cry- 
stallise, the  materials  dividing  into  crystals  of  the  salt  and  an 
ordinary  cold  satiu'ated  solution  of  the  same.  Sometimes,  as  in 
the  case  of  sulphate  of  soda,  such  a  solution  (though  cooled  down 
to  a  temperature  at  wliich  it  cauuot  permanently  retain  all  the 
salt  which  it  holds  iu  solution)  does  aot  crystallise,  but  forms  a 
supersaturated  BOlution.  Such  a  solution  is  iu  a  state  of  nn- 
stiible  iu"lecukr  e'luilibiium,  and  tlie  iuKtsiut  it  is  touched  with 
a  crystal  of  the  same  salt  or  of  nii  isomorphutis  substance,  or  by 
the  dust  of  tlie  nir  containing  the  same  substuuce,  ur  by  an  oil 
(especially  if  somewhat  oxidised),  or  by  a  Imblfle  of  gas  soluble 
in  the  liquid,  or  when  it  is  exposed  to  the  least  vibmtiua,  the 
"whole  molecidar  armngement  topples  nvcr,  and  the  excess  of  salt 
assumes  tlie  solid  form  with  great  evolution  nf  heat. 

A  rimilsj  delay  id  nolidificatiMi  occnra  in  the  COBC  of  melted  pto3phonie, 
which  can  l)«  kept  finid  nt  10°  0.  (it*  ftolidification  point  Wing  ■14'*2  C.)  for 
veeks,  eapeuially  if  the  water  lyiii^  nlmve  it  contftiii  a  trace  of  potash  hydratt 
or  of  nitric  iw^id.  The  elightuit  shake  or  contact  with  a  piete  of  phoaphonis 
detertnincj  EolIilificiLtiun. 

Miacibility  of  Liquids.- — If  a  bottle  be  filled  with  oil  and 
water,  and  shaken,  llic  hiyere  separate  as  soon  oa  the  disturbance 
ceases.     Alcohol  and  water  treated  in  the  same  way  mutually 
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dissolve  eacb  other,  and  mix  perrectly  in  any  proiiortious.  Ether 
and  water  will  each  tako  up  a  C'ertaiii  proportion  of  the  other,  and 
will  separate  into  two  layiirs,  the  one  a  saturated  aqueous  solu- 
tion of  ether,  the  other  a  saturated  ethereal  solution  of  water; 
these  two  fluids  are  miscihle  only  in  certain  proportions.  Very 
often,  as  in  the  t^ose  of  alcohol  and  water,  there  is  a  contraction 
of  volume  and  evolution  of  heat,  there  being  some  potential 
energy  of  separation  somehow  liheratefi  by  the  approximation  of 
mutually  attracting  molecules  of  tlie  different  substances. 

Imbibition.  —  Porous  objects,  siich  as  a  lump  of  sujtar, 
blotting  paper,  a  heap  of  sand^  a  sponge,  a  lamp  wick,  absorb 
liquids  with  a  rapidity  which  depends  on  the  nature  of  the  porous 
substance  itself  aud  ou  that  of  the  lii^uid  uhsorl>ed,  and  which  is 
greator  if  thn  materials  be  warm.  This  takes  place  by  reason  of 
an  attraction  between  the  solid  and  the  fluid  (which  Ohevreul 
called  ftffiuiU  c(tjnllaire),  aud  heat  is  evolved  when  this  attraction 
is  satisfied,  as  in  the  case  of  a  wetted  rope,  which  rises  in  temiiora- 
ture  from  2"  to  10'  C.  (part  of  this  effect  beiufj  due  to  the  con- 
current shrinkage  of  the  rope).  When  a  porous  body  which  haa 
thiw  taken  up  a  quantity  of  liquid  is  subjected  to  pressure,  the 
whole  of  the  liquid  oon  by  no  means  be  squeezed  out ;  some  water 
still  remains,  which  can  be  evaporated  away.  Imbibition  will  fill 
the  pores  of  a  solid  with  a  fluid,  but  will  not  set  up  a  permanent 
current  in  those  pores  unless,  as  in  the  case  of  a  lamp-wick,  there 
he  coiLstant  removal  of  the  fluid  at  one  extremity  of  the  porous 
object  wlule  imbibition  goes  ou  at  the  other. 

Diffusion— Jar-diffbsion,*— If  a  phial,  filled  to  within  say 
half-au-iitch  of  ItiB  top  wilh  a  .saline  solution,  lie  placeii  in  a  jar; 
if  water  be  poured  into  the  jar  so  as  to  surround  the  phial,  and 
if  more  water  be  cautiously  added  till  the  phial  is  covered  with  a 
layer  of  water  of  alx>ut  half-an-inch  in  depth,  the  whole  being 
set  aside  in  a  quiet  place,  the  solution  in  the  phial  will  diffuse 
into  the  surrounding  water.  Tlie  quantity  of  substance  dilTuaed 
into  the  water  in  a  given  time  depentla  <1)  on  the  length  of  that 
time ;  (2)  on  the  quantity  of  substance  in  the  phial  solution,  being 
(within  narrow  limits)  proportional  to  its  strength ;  (3)  on  the 
temperature,  being  greater  at  a  high  temperature ;  (4)  on  a  Co- 
efficient  of  Diffuaibility  special  to  each  substance.  Other  UiingB 
being  equal,  un-a  and  salt  diffuse  twice  as  fast  as  sugar,  sugar 
twice  as  fast  as  giim  amhic,  gum  anibic  more  than  four  limes 
as  fast  as  cgs-ftlhumen. 

*  San  tjnhnvn'a  Outmieal  and  Physical  Riaearehfa. 
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Sugar  travels  as  bu-  in  n  cnlumii  of  water  in  two  dajrs  as  allnimfn  in  tonr- 
tean.  Tlie  following  Tinmlww  iiHlicatt-  tlio  reltttivfc  tiin««  iiccesf>ary  for  the 
ptvccw  of  lUfTuttion  to  convcr  in  wator  t]iroit};h  equal  ilijttaiiccs  equal  aiuoimt^ 
of  tJie  i<«%'cral  imlDfitancfs : — ^llydrocMoric  acid,  1 ;  chloride  of  sodium,  2-33  ; 
Rttgar,  7  ;  sulphati^  of  ma^eitia,  7  ;  albumen,  49  ;  c&romtfl  98  (lirulmin). 

Tlia  nta  of  (liffiiwim  of  all  itiibiiULncf-t  is  imrpaimd  hy  nio<li.'niU;  hciit,  but 
ia  tliose  aulmUiiceii  wliow  L-netliuient  of  tlilTuiiibilily  to  Biimll,  it  is  nioro  in- 
rj^suted  \jy  hva.i  tlttm  it  w  in  tliom;  hiiLi' Unices  wliiuh  an  already  very  (liffueibleL 
Heiicu  tliv gn^itvsl  prupurtiuiiatcdifTuretices  in  ditlusion-mtes  ore  found  in  the 
coHost  MoltiLioms 

Some  Uquide,  euch  aa  water  and  Biilpburic  acid,  ether  and  ehlorofomi, 
mcTcui-y  oud  molten  lead,  dilTuBe  into  one  anotlier  with  coiisiilerable  rapidity. 

If  a  mixturo  ho  placed  in  the  diffuaion-pliifil,  the  approximate 
rule  is  that  parh  oomponent  of  the  mixturo  is  ilifVitserl  miE  at  its 
own  rate,  and  indepeudeutly  of  the  others.  There  is,  however,  a 
departure  from  strict  adherence  to  this  rule  in  the  sense  that 
the  ordinary  dilTerences  of  diffusibility  arc  exaRfj^ratctl  in  such  a 
mixturo.  If  the  piiial  contain  a  doublL'  salt,  each  as  alum,  diflu- 
sicm  may  effect  chemical  decomposition  :  sulphate  of  potAsh  and 
sulphate  of  aluiniun  am  separated,  the  former  heiiig  diffused  more 
rapidly. 

A  high  hoiliuj,'-point  of  any  solution  (wliicih  indicates  adhesion 
oF  water  to  the  salt  dissolved)  is  associated  with  rapid  diffuaihility 
of  the  same  salt ;  hut  there  is  no  close  relation  between  the  rapidity 
of  diCfUsion  of  a  salt  and  itA  solubility. 

Colloids  and  OrystalloidB.  —  On  siir\-eyinj»  a  number  of 
objects  which  luwe  a  wide  rau^e  of  relative  diffusibilities,  we  see 
that  at  ouu  end  of  the  scale  we  have  such  things  as  urea  and 
chloride  of  sodium,  and  at  the  other  such  things  as  starch,  gum, 
gelatine,  albunieji.  Tlie  former  are  bodies  of  i-apid  difluaibility, 
have  gciieraily  a  certain  clieniical  stability  and  a  crystalline  form, 
and  are  called  OrystalloidB.  The  latter  are  l)i>ilies  uf  slow  dif- 
fusibility, have  VLiy  probably  large  inolecides  coiiipouuded  of 
groups  of  their  simplest  molecuIcB,  have  in  general  (with  raro 
exceptions,  .such  aa  the  blood -crystals)  the  non -crystalline  amor- 
phous glne-Iike  character  which  gives  them  the  name  of  Ool- 
loida,  and  arc  for  the  mcst  part  in  a  state  of  unstable  eq^uilibriuTn 
when  in  the  moist  condition.  Colloids  have  great  cohomon,  antl 
adhere  firmly  to  other  colloids :  thus  isinglass  heated  with  acetic 
acid  forms  a  cement  which  adheres  firmly  to  glass ;  and  when 
tlioy  diy  they  tend  to  contract  lirmly,  so  that  a  strong  solution 
of  gnm  arable,  drying  in  a  test  tube,  will  sometimes  break  tbo 
tube.  They  often,  when  drying  up,  extrude  their  contained 
water,  and  form  clots,  on  tlie  surface  of  which  Um  water  presents 
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itself  in  dn^  Colloids  also  in  mai]y  instaucea  possess  the 
power  of  taking  up  alcohol  or  oleiu  m  the  room  of  their  water 
of  constitution.  Tliis  property  is  poesessed  even  by  such  a  sub- 
stance as  colloid  silicic  acid. 

An  animal  tiuae,  wliiiJi  it  in  great  pnit  coiiipOMiiI  of  colloidH,  m&y  liav* 
its  water  ex[*u1lecl  nnd  replaced  by  alctttiol  by  dint  of  rep«Ht««l  wanlniit;  in 
that  liquid. 

CuIliiiHl)!  bi-itif^  very  iflifjlilly  iliffunildi;  uiv  tiintcU" ;  tJu^y  *io  not  iviwb  the 
nervp-i-nd*.  Fwr  thy  waun'  rvJUK'ii  tlit-y  aiv  very  iuUi^'vetible — e.3.,  i,"^latii)e 
— iinluM  pvptoni»?<l  ;  pcptoiiw  beiofj,  by  exception,  diffufiible  tliuugli  otfa«r- 
wiav  cuUui>i.lut. 

Tf  ft  ]ft_vei'  of  pure  jelly  be  laid  on  a  layer  of  jelly  charged 
with  salts  aud  also  with  caramel,  the  salts  will  diffuse  into  tho 
upper  layer  of  soli<l  jelly  nearly  aa  fast  as  if  it  wore  pure  water ; 
tho  canuiiel  will  not  travel  at  all.  If  a  film  of  colhtid  matter 
(staroheil  pfipei)  Ue  placed  lietween  a  Buline  suhition  contaiiiiu'^ 
colloid  niatttira  and  a  mass  of  pure  water,  the  colloid  septum  will 
tiQer  little  olistrtiction  to  the  ]msaf^;;e  uf  the  salts  into  the  water, 
but  will  prevent  the  colloid  matter  from  passing  through.  Col- 
loid matter  is  thus  impervious  to  the  diffusion  of  other  colloids, 
but  does  not  hiiidtr  the  diffusion  of  eryatalloids. 

Diffusion  through  Membranea — Osmosis. — If  three  layers 
of  hquid,  chloroform,  water,  ether^  be  placed  in  a  closed  bottle 
and  sot  aside,  it  will  be  found  that  in  course  of  tiuie  the  ether 
tmvels  into  the  cldorcfonti,  but  that  the  water  does  not  to  any 
appreciable  extent  allow  tho  ctdoroibrm  to  pass  into  the  ether. 
The  ether  dissolves  to  some  e.\tenL  in  tlie  water  and  diffuses 
through  it ;  it  is  removed  fnjui  the  water  by  the  chloroform : 
step  by  step  the  water  passes  the  whole  of  tho  ether  through  ita 
own  suh.stance.  A  thin  caoutchouc  membrane  lying  between 
alcohol  aud  water  allows  tlie  alcohol  lo  pass  through  it  into  the 
water ;  but  tlie  reverse  passaf;e  of  water  into  the  alcohol  is  barred. 
If  an  organic  septum  l)e  used  it  is  wetted,  (ind  the  wat<'r  passes 
into  the  alcohol.  If  hydrochloric  add  and  water  be  separated  by 
an  animal  membrane,  the  hydrochloric  acid  passes  throngh  in 
greater  quantity  :  both  fluids  wet  the  membrane,  the  hydrochloric 
acid  is  moat  attracted,  Hence  molecules  can  travel  through  a 
septum  devoid  of  perceptible  pores  as  well  as  througli  one  in 
which  jjores  exist. 

It'  the  membrane  employed  be  porous  we  have  the  process  of 
Osmosis.  The  memhmne  bceomes  penetrated  by  that  one  of 
the  two  liquids  ("  hquid   A ")  for  which  the  walls  of  ita  pores 
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have  tlie  greuler  attraction  or  affinity.  "WTien  each  small  cai>il- 
lary  column  of  the  liquid  A  come*  at  the  further  surface  of  tho 
nieuibiiiue  into  contact  with  tho  Uqiiiil  B,  the  inoleciilea  of  hqnid 
11  dUfuse  into  it.  Thus  the  end  of  the  column  of  liq^uid  A 
comes  more  to  reaemhle  that  liquid  ]i.  wliich  is  lusa  altractt-d 
by  the  walls  of  the  pore,  and  it  is  extruded  from  tlie  jiure  and 
pushed  into  liquid  B.  This  process  is  continuous,  and  a  stream 
of  liquid  A  is  dfuwn  tliroiigh  each  pore  of  the  membrane  iut« 
hqiiid  B.  Down  llie  centre  of  tlie  stream  there  is,  however,  a 
btiukward  diBiision-current  of  molecules  passing  from  the  liquid 
B.  This  happens  if  the  jjores  be  wide  enough  to  allow  the  centre 
of  the  stream  to  be  comparatively  out  of  reajjh  of  the  immediate 
inlltienec  of  the  walls  of  the  channels,  an  iuHueriue  which  we 
have  seen  to  extend  to  a  distance  of  -jjijjxr  ^^-  '^^  iisthnra  '"^^' 
If  the  liquid  stream  be  not  too  rapid,  these  molecules  -will  make 
their  way  against  it  into  liquid  A.  If  the  channels  bo  very  nar- 
row the  liquiil  stream  is  relatively  accelerated  ;  thus  the  ratio 
between,  tlie  amount  of  water  that  passes  through  a  porous  inem- 
brauc  into  a  saline  solution  and  the  amount  of  salt  that  passes 
in  the  oppisito  direction  is  increased  by  diminution  of  the  pores. 
•Tliis  ratio  18  called  the  Endosmotic  Equivalent.  It  is  not  u 
constant,  hut  depends  ou  tlie  nature  of  tlie  nienibnine,  and  even 
with  the  sflxnfi  membrane  it  dilfera  according  to  ila  tliickneaa  or 
state  of  freshness,  and  may  be  increased  by  tanning  with  tannin 
or  chromic  acid,  wliich  diminish  the  sine  of  the  pores. 

Thus  for  a  momtirano  on  one  tiide  of  wliicli  is  dry  co'iniuo]!  talt,  on  th« 
other  bills  watj?r,  if  the  tnemWrnio  ho  (i  pi«cc  of  cow's  |xtriciiriliuiu,  for  vwry 
grain  of  wit  which  faebes  into  tb«  water,  4  grains  of  wat«r  piiss  into  tho  fialt : 
with  n  piece  uf  cow'a  bLiddcr,  the  cndosmotiL'  ecpivalent  ie  6.  If  oa  one 
sidf  i>f  au  onimtil  mcnibrani;  lUci'c  be  ptitced  a  strong  sohitioit  of  t>iilphate  of 
ma^eeia  and  on  tlic  other  a  quontity  of  \i\ood  w;niin,  tht\  flnid  of  ihu  blood 
senim  wilt  paai  into  the  Hilrni?  solution,  takinjj  flomo  albumen  mth  it,  and 
•ome  «ulj)tuite  of  luagncaia  will  puss  into  the  blood  sernni. — (Milne-Edwatda.) 

The  mechanical  structure  of  the  membrane  has  a  marked  in- 
ttuencfi  on  the  process ;  thus  water  will  pass  more  readily  inwards 
throufih  frogskin,  more  readdy  outwards  through  eelskin. 

The  mattera  already  moistening  the  mcinhi-aiie  also  affect  tlic 
rate  of  transmission  ;  tlius  albumen  more  readily  pasflea  through 
a  membrane  previously  moistened  with  alkalies.  If  between 
alcohol  and  water  there  be  arranged  a  membrane  previously  soaked 
in  oil,  tho  membrane  cannot  be  wetted,  and  the  alcohol  now  passes 
into  the  water. 
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K  tbe  saline  solution  be  in  a  state  of  movement  relative  to 
tbd  meiiibraue,  the  parlicles  are  drawn  itway  frum  the  membrane, 
and  llie  ditriisiou -stream  is  Uiadered ;  if  the  water  into  whitb  the 
salts  are  passing  be  constantly  renewed,  the  molecular  dilTusioa  is 
aticelerated. 

Heat  incrcaaea  the  rnpidity  of  Osmosis,  An  electric  current 
(the  "electrodes"  being  on  opposite  sides  of  the  membrane)  lins 
tlio  singular  effect  of,  as  It  were,  pnshiiig  tlie  liquid  bodily  through 
tlie  membrane  towanls  the  negative  electrode.  Kven  gelatine  and 
tlie  fatty  matters  of  milk  can  be  thus  driven  tlirongh  a  membnine. 

If  a  mixture  of  different  substances  be  exposed  to  osmosis 
through  a  poruus  membrane,  the  colloids  will  remain  or  will  pass 
through  in  very  small  (quantities,  the  crystalloids  pass  through 
freely.  This  is  the  basis  of  tlie  process  of  Dialysis.  A'arious 
mechanical  arrangements  for  carrying  out  dialysis  suggest  them- 
selves: a  pliial  with  the  bottom  cut  off  or  a  wide  glass  tube,  over 
the  lower  end  of  which  a  piece  of  membrane  is  stretched;  the 
material  to  be  clialysed  being  placed  in  this,  and  the  whole  sus- 
pended in  water.  The  moat  convenient  an-angemcnt  in  many 
i-e8i>et:Ls  is  a  piece  of  parchment  pajter  (tbt!  Icjiks  in  which  aie 
stopped  with  albumen  coagulateil  by  liesiL)  laitl  upon  n  wooden 
ring,  into  which  a  smaller  ring  is  thrust  so  as  to  fonn  a  dish  with 
a  membranous  bottom;  this  is  floated  on  a  mass  of  water,  and 
the  subatnnce  to  be  dialysed  placed  in  a  thin  layer  on  the  dish. 
The  crygtalloids  (3tn*chnine,  etc.)  pass  into  the  water,  the  colloids 
(mucus,  etc.)  remain  in  the  dish.  This  method  ia  peculiarly 
applicable  to  the  separation  of  poisons  from  animal  matters. 

If  the  mixed  solution  exert  pressure  iipon  the  membrane, 
colloids  as  well  as  crystalloids  may  be  found  to  pass  in  consider- 
able quantities  through  that  membrane  along  with  the  fluid 
forced  thrtjugh  by  the  prcsssure. 

If  peroxiclu  of  irun  he  difienlved  in  a  solution  of  pcrcJilortdu  at  iron,  and 
tlie  wlinli;  he  then  dinlyficd,  tht:  chloride  of  iron  will  pnim  throu^^lt  the  mcni- 
branc,  leaving  the  colloid  o\iiie  of  iron  behind  in  soliUi&n.  Neutral  PruFsian 
blue  (as  niwd  in  micro^cciiiiciil  work)  i»  oIho  a  coIloiJ,  and  tnny  h«  |)urifiecl  in 
the  eomc  way  :  no  is  sucrnt«  of  copper,  a  soluble  compouud  of  copper  oxitlc- 
with  fiUgar,  whii^h  is  reduced  un  heating.  Albunicn  may  xlso  be  obtained  in 
a  relatively  pure  form  by  Hcpnu-ating  i:  by  dlalysi.*  from  the  greater  part  of 
till!  !Mit»  thai  it  may  conlAin. 

If  ihe  iinrnibnuiti  u»mi  hv  tli«  i^tric  or  inltwtinul  mumbntnc^  taken  after 
death,  it  i«  found  thiil  cururv  or  «nuk<)  poi«on  will  not  paea  through  it,  while 
they  are  ab«orbi;d  ivadily  by  thu  diTmis  or  by  seroiw  meaibmne*.  They  tetui 
not  to  wet  the  former  ;  hence  the  selective  abaorptioa  of  poieooe  has  a  certain 
physical  basis. 
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Abmrptiitn  Uy  tlic.  d^tnniK  i'k  M;eii  to  V^  a  pliyiiiciil  pruoew ;  Uir  walls  of 
Lbv  vcxaeU  Ituth  lyinpliatic  iin<l  vcroum  an  kninvn  U>  lie  ptiyKJi'iJIy  pcnnt-able 
tn  mnuMC,  am]  tliu  rait  W'ing  {iliici.-<l  un  a  Titxculiir  region  ia  c^uickly  alworbml, 
the  osmone  bciii<;  Hcc(«lcrat«d  by  the  flow  of  liquid  in  tbc  TBMela,  Substances 
bronght  in  contact  itith  the  putmonarj  epithelium  are  alao  Teiy  rapidly 
a^worbed.  Lymph  acta  towards  blood  n  water  d>jca  towartln  n  suUdc  toliition, 
and  iho  t«ii(luDuy  of  osuiotic  aetiun.  ia  tu  curry  the  fliiidn  uf  the  body  into 
tlie  bluud  titiv^iiii.  KtrpK-tiuu  of  tlii;  vi'aHi*l«  cliucks  ttiia  icudinRy.  Adlii^iou 
bctwticn  wiittir  and  oil  is  gruatly  im^rcoAcd  if  &  littli;  iilfcjili  be  disHolved  in  the 
water.  Whtn  the  mucouB  membrane  is  covered  with  bile  it  lins  ninch  more 
affinity  for  oil  globulps,  which  are,  besides,  tach  endowed  hy  omiiliiiiiTiiMiig 
vith  an  aqueonn  or  noapy  coveriog,  which  makes  them  act  like  niiiiut*.-  rijAi»e« 
of  water,  and  enables  them  Qot  to  experience  any  tvlativc  repultdou  when 
ricd  Willi  th«  rest  of  the  ai^neous  Ktrcom. 

Osmose  ia  thuB  related  to  capillary  aflinity  anil  to  (UfTusion, 
riatt  it  bears  im  exact  numerical  relation  to  either  of  these,  for  it 
depends  on  the  relation  between  the  pores  and  the  solid  parU  of 
the  membrane,  upon  the  natare  of  the  mateiial  (colloidal  or  other- 
wise) of  the  membmne,  upon  the  width  of  the  jKire*.  upon  the 
temperature  and  electrical  condition,  upon  the  mutual  action  of 
the  fluids,  and  in  physiological  cases  (Milne-lLdwards,  rhtjsiolo^U, 
tome  V)  it  seems  to  depend  on  the  influence  of  the  nervous  system. 


2.  The  Statics  ok  L:quiD  Masses. 

Li(|nids  are  incapable  of  resisting  a  change  of  shape 
when  acted  on  by  force  which  is  not  etiually  applied  over  the 
whole  Burface,  and  tlicy  flow  when  tluis  acted  on  unless  supported 
nn  all  sides. 

All  floft  masses  which  cannot  in  the  aggregate  permanently 
resist  a  change  of  sliape  are  practically  liquids  and  are  subject  to 
IiydrostaUcal  laws. 

It  is  often  convenient  in  discusaiug  the  eqijilibrium  of  liquids 
to  imagine  little  elemenla  of  the  liquid,  Boating  in  and  forming 
part  of  the  liquid,  to  be  solidified  or  otherw^iae  to  become  separ- 
ately recognisable  while  not  altering  their  other  relations  to  tlie 
surrounding  mass.  Then,  if  tbc  liquid  as  a  whole  is  at  rest,  each 
of  these  little  elements  of  mass  must  also  be  at  rust. 

This  being  so.  the  forces  acting  on  each  little  element  of  mass 
must  be  in  equilibrium,  and  tlieir  resultant  must  be  niL  This  can 
only  occur  (since  each  fluiil  element  is  subject  to  pressure  on  all 
sides,  as  may  he  understood  hy  considering  the  niab  of  fluid  from 
all  sides  that  would  occur  if  the  little  element  of  mass  were  sud- 
denly annihilated)  if  the  pressure  on  all  sides  be  equal ;  and  since 
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tlM  element  mav  be  reduced  to  a  matorinl  point,  the  proposition 
foUdws  that  at  an)*  point  in  :i  liquid  the  pressure  in  all  directions 
i»  oqu&L 

Hie  prtwaiire  at  any  point  of  the  surface  of  a  liquid  at  rest  must 
bo  at  riplit  anglea  to  tlie  surface.  If  it  were  uot  su,  it  must  lie 
uliliqut'- ;  being  oblique,  it  would  ho  resoluble  into  £i  component  at 
riglii  anj^los  and  one  ])urallul  to  the  surface.  Tlic  latter  rauldnot 
fail  Ui  act,  thti  surfuue  beiu^  tliat  of  a  liquid ;  liencc  thn  liquid 
would  uot  be  at  rest;  whtincH  Ihero  is  no  such  coniponont,  and  the 
ph?--wuro  ia  at  right  angles  to  the  surface.  Conversely,  when  a 
liquid  is  at  rest,  the  prL'ssuru  wliich  it  exercises  on  the  vesael  con- 
taining it  is  at  ri;i;ht  angloa  Lo  tlio  waUa  of  the  vessel,  for  the  walla 
of  the  vessel  coincide  in  aspect  with  the  surface  of  the  liquid. 

If  in  a  liquid  at  rest,  expressly  supposed  to  be  neither  under  the 
intlueuL'u  of  gravity  nor  subjcctei!  to  rotation,  two  elcnaeuta  were 
imn^ined  to  be  in  contact,  and  yet  to  be  subject  to  differeul  pres- 
sures, there  would  at  the  point  or  surface  of  contact  be  a  relative 
difference  of  pressures  which  would  uecesaarily  cause  movement  of 
the  liquid ;  but  the  liquid  is  supposed  to  be  at  rest ;  hence  there 
con  be  no  difference  between  the  pressui-es  of  any  two  contiguous 
olomcala,  and  the  jsressure  throughout  a  weightless  liquid  at  rest 
is  everywhere  the  same  (Pascal's  Principle). 

If  pressure  he  applied  from  without  to  some  of  the  imrticles 
of  a  L'quid,  and  if  that  liquid  bo  free  to  chatige  its  shape,  it  will 
do  so ;  if  it  Iw  not  free  to  flow,  the  particles  pressed  on  will  press 
against  contiguous  particles,  and  tlie.9e  against  their  neighbours ; 
thus  the  pressure  becomes  e(]ualis8d  throughout  the  whole  of  the 
liquid.  This  is  the  principle  of  the  ao-called  Transmissibility 
of  riuid  Pressures.  The  pressure  applied  to  any  area  of  the 
surface  of  a  liquid  not  free  to  flow  becomes  equally  felt  over  every 
equjil  area  uf  the  surface. 

If  a  wide  cylinder  with  a  piston  whose  area  is  a  square  inches 
be  placed  in  communication  by  a  tubo  with  another  cylinder, 
narrower,  and  provided  with  a  piston  whose  area  is  b  square  iuclics, 
and  if  both  cylinders  and  tho  communicating  tubo  be  cow])Ietely 
filled  with  water,  a  pressure  p  applied  to  the  smaller  piston  will 
produce  an  equal  pressure  //  on  every  b  square  iucbea  of  the  sur- 
face of  the  fluid,  and  therefore  on  every  b  square  inches  of  the 

larger  piston  and  a  proportionately  greater  pressure  -  ju  on 

whole  surface  (a  aq.  in.)  of  the  greater  piston.     This  ia  the  prin- 
ciple of  the  Hydraulic  Press,  by  which  a  smaller  force  p  acting 
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on  a  smaller  piston  may  produce  a  greater  force  -  i*  on  the  inner 

0 

surface  of  a  larger  piston  ;  and  as  the  area  a  may  bear  any  pro- 
portion to  the  area  b,  the  force  obtained  may  bear  any  proportion 
|:the  force  applied.  The  principle  of  the  Conservation  of  Energy 
Ids  good,  however  j  the  volume  of  water  remains  constant,  and 
if  the  smaller  piston  move  tlirmigh  a  space  s,  the  larger  piston 

niovea  through  a  space      s.     Tbe  work  done  upon  the  smaller 

a 

piston,  force  x  space  =  pa;  that  done   by  the  larger  piston, 

—  p  X  ~  i,  gives  the  same  product 
0  a 

Au  atuilo^uiui  ikotiuu  lakes  place  iu  au  autiurism.  A  small  aperture  of 
coDimuDkatiuu  wilh  the  arLtfiy  altowB  tli«  arlurial  bluud-prtiwuv  to  bs  com- 
niimicaUul  to  the,  whoUe  iiitarior  of  ttiu  aneurUtuul  sac  ;  the  tutal  prussurc 
exert«il  iti  very  gruat,  thf  rut*:  of  drntuiiHion  coiii|»ar4itively  Blf>w. 

If  the  action  of  a  hydmulic  press  be  reversed,  a  great  total 
pressure  applied  to  the  larger  piston  will  have  the  effect  of  pro- 
ducing only  n  small  pressure  on  the  inner  surface  of  ihti  small 
piston.  A  small  resistance  applied  to  tbe  smaller  piston  will 
have  the  effect  of  checlcing  the  onward  motion  of  the  larger  piston 
under  the  inBuence  of  the  powerful  force.  If  a  bladder  full  of 
water  be  connected  with  a  narrow  upright  glass  tube,  heavy  weights 
placed  on  the  bladder  will  be  able  to  uphold  only  a  very  small 
quantity  of  liquid  in  the  tube,  this  arrangement  beiug  iit  fact  a 
hydraulic  press  worked  backwards.  If  the  tube  be  shortened 
down  80  as  to  fonu  simply  the  neck  of  the  bladder,  the  total  ex- 
pulsive pressurt:  exertetl  by  the  bladder  upon  tbe  euuteuts  of  the 
neck  may  seem  to  be  very  small  when  compared  M'ith  the  total 
pressure  exerted  over  the  walls  of  the  bladder  upon  the  whole 
contents.     Here  we  have  apparent  destruction  of  force. 

Heavy  Liqnida. — T-et  us  suppose  a  cylindrical  vessel,  filled 
with  liquiil,  to  stjimi  upon  a  phmc  base;  the  area  of  the  base  ia 
fl  aq.  cm.;  the  height  of  the  liquid  is  h  cm.;  the  density  of  the 
liquid  is  p  ;  and  the  local  acceleration  of  gravity  is  tj.  The  quan- 
tity of  matter  standing  on  the  base  is  ahp,  and  the  weight  of  that 
mass  is  abpg.  The  total  pressure  on  the  base  is  therefore  ahpg, 
and  the  pressiu'e  per  unit  uf  area  of  the  base  is  hpg. 

If  the  unit  of  urea  on  which  tlie  pressure  is  to  be  found  be 
not  hurizonial,  it  must  be  considered  to  Ue  at  au  average  depth 
equal  to  the  depth  of  its  centre  of  figure.     Then  tbe  pre&suco  on 
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a  plane  of  uuit-area,  choBuu  aaywlmre  iu  the  fluid  and  lookiug  iu 
any  directiuii,  is  equal  to  tlie  product  of  p<j  into  the  vertical  <Iis- 
tance  h  Letwetn  the  surface  of  the  liquid  and  the  centre  of  tigure 
of  tJiat  plane ;  and  if  the  plane  have  any  area  a  other  than  uuity, 
th«  preasurR  is  the  product  of  the  area  a  x  i,  the  VRitical  depth  of 
the  centre  of  fit^rc-,  x  p,  the  density,  x  g. 

For  all  points  in  the  annie  horizontal  layer  the  depth  h  is  the 
same,  and  therefore  in  a  luiavy  fluid  the  pressure  ia  the  same 
tliruughout  the  same  imlefiaitely-thiti  horizniital  layer.  The  lateral 
pressure  on  the  rim  of  the  stratum  is  equal  to  the  vertical  pivs- 
Bure  at  that  level — i.e.,  hpg  per  unit  of  area. 

A  n  o 


In  Fig.  102  let  A,  B,  C  represent  three  vessels  each  having  a 
base  vliose  area  is  a  square  iiiclies,  and  filled  with  water  to  a 
lieij^lit  of  h  inches.  The  preasui-e  on  the  base  is  the  same 
i^^abpff)  in  all  the  cases,  though  the  weights  of  the  masses  of 
water  differ  gi'eatly. 

In  thfl  first  c-MC  the  ktdrnl  projanre  nRamet  tho  wnlU  of  ihe  rvlinHw 
pTOiliic*.'6  n  nnctiou  wlittti  liu^  no  vcrttCAl  component  niiil  'lo^s  not  affect  the 
pttwurc  on  th«  luutc.  In  tlic  seioiad  wc  may  isoUti?  a  fyhnder  of  the  fluid 
in  the  fluid  ;  the  lateral  parU  of  the  fluid  have  a  certain  weight :  the  walls 
of  the  vessel  are  exposed  to  a  cerUiii  |ireBiiur«  which  is  equal  to  the  product 

of  their  artu  x  the  depth  of  their  (xuicv  of  fiijutv  (  =  „  )  iato/ajr.   Thispres- 

Bun-  iiijiy  Im*  rcwdveit  inUi  a  hnrixoiital  and  a  %'erticii!  toTiiponent,  to  cncli  of 
wliidi  the  curreBpiLiudin){  reactions  of  the  walls  of  the  vi'Met  nrc  eiiiiul  an*] 
opposite :  the  one  resietB  outward  yiehling,  the  other  mpport*  the  weight  of 
the  fluid.  It  will  be  found  that  the  upward  reaction  of  the  sloping  walls  of 
Tenel  B  is  cinctly  etjiial  to  the  weight  of  thu  Iluld  overlying  theiti  ;  the  wall* 
tupport  the  whulo  weight  of  the  latenil  luujiseii.  In  V(£i>el  C  the  rvactiou  of 
tliu  wulL)  of  thu  vcBBfl  laiiy  he  fomid  in  iho  Bauc  wiiy  and  resolvud  Into 
horiiimtal  und  vertical  cumponcnte.  The  latter  acts  downwarde  upon  the 
fluid,  aud  will  bu  found  to  be  precisely  eijual  to  the  weight  of  that  quantity 
of  fluid  that  would  lie  vertic-nlly  above  the  biiBp  if  the  cfilumn  of  fluid  were 
perfectly  cylindricul  and  of  the  height  6,  hut  whii-h,  owinR  to  the  fonn  of  the 
veMi-l,  docs  not  bo  lic; 

The  pressure  on  ike  base  of  a  vessel  containing  liquid  depeuda 
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ou  the  height  (&)  of  the  licjuid  and  the  area  (a)  of  the  vessel,  the 
density  p  of  the  liquid,  and  jr  the  local  accderatioE  of  gravity,  but 
does  not  depend  on  the  actual  weight  of  the  liquid  employed. 

Tlir  pl-CMUPn  P  =  abpij. 

If  a  flask  filled  with  water  be  fitted  with  a  cork  in  which  a  long 
narrow  tube  is  fixed  njiright,  a  very  small  (jiiantity  of  water 
]x>unid  intf]  the  Lulie  will  be  comjjetent  U>  huret  tlie  llask. 

This  proposiLion — that  the  same  «Tiiount  of  water  may  pro- 
duce widely-diiVering  amounts  of  pressure  on  the  vessel  in  which  it 
is  contained,  these  amounts  depending  on  the  form  of  that  vessel — 
is  said  to  be  a  Hydrostatic  Paradox ;  the  only  paradoxical  element 
about  it  is,  however,  its  discrepancy  with  a  certain  uninformed 
intuitional  belief  in  the  Conservation  of  Force. 

A  slack  bag  containing  liquid,  and  set  Uj  rest  upon  a  plane 
surface,  exerts  a  pnsssure  upon  that  surface  which  is  equal  to  the 
product  of  the  area  of  contact  X  the  height  of  the  centre  of  gravity 
of  the  liquid.     So  for  semi-fluid  masses. 

When  the  surface  of  a  liquid  is  exposed  to  the  atmospheric 
pressure  of  7G0  mm.  or  7t>  cm.,  it  bears  on  each  sq.  emu  of  surface 
the  weight  of  7G  cub.  cm.  of  mercury,  or  1033'3  grammes  ;  this 
ia  equal  to  (1033'3  x  981}  dynes:  or  if  the  barometer  stand  at 
X  cm.,  the  presaure  on  each  aq.  cm.  of  surface  is  (13'5i}6JX  981) 
dynes.  This  number  of  absolute  units  of  force  per  sq.  cm.  may 
he  expressed  by  the  symbol  TI.  Then  the  total  atmosplieric 
pressure  on  area  a  ia  nn.  The  liqiud  pressvire  ou  the  area  a  at 
the  mean  depth  h  would  have  been  abpg  if  there  had  been  no 
pressure  at  the  surface.  When  the  atmospheric  pressure  acts  at 
the  surface  of  a  liquid,  the  total  pressure  on  any  plane,  whose  area 
is  a  and  whose  mean  depth  below  the  surface  is  h,  amounts  to 
(all+abpfj). 

yfUax  lUu  tiuuiiui  body  (tu  lu  vnliiiory  ciixniiiistanvet}  Las  the  li«ail  in  the 
|[hi»l  pcmitiija,  Lhu  blcxnl  iti  tlic  bead  h  cxpotud  li>  Lbu  ordinary  atiu'^phL'rie 

sure.  If  tbi2  liisid  be.  down  ward  x,  Uie  pnisaure  ua  the  bluod  v«b«.-Ii^  of  tbo 
hcjid  iH  increnft«i  by  ibe  wpight  nf  the  column  of  bluud  iti  thw  JnviTU'd  body, 
and  hcTicc  Uit-.rfi  is  ctiu^'t-stinn.  If  tbc  lo^dy  Elfuit  aubmergeil  in  a  liquid  of 
it«  frwn  gp.  (iensity,  ln>*wl  up,  the  i>rtei*nri'.  dii  tbe  blood  veaHels  of  the  bead  is 
the  onlinary  attnoapherio  prcaeurr  increased  by  tbe  weight  of  the  colunin  of 
vatfr  immediately  overlying  tlie  bend  ;  bat  if  tlie  bead  be  NiispendHl,  thongfa 
tlte  increased  di^pth  ciiu>>e  a  ccirrespondingly-iiicrcaecd  cxtcrniil  prcftBiire  on 
be  htivi,  yet  tiie  «?iiiially-incri--ii.t>t^d  iiilfnial  preaBun.-  of  blood  tialioiictu  this 
elTi^ct,  and  tbi'.iv  in  no  caiigtttAimi.  TLiLgi  inny  b>;  iUiutratcd  by  a  loop  of  thin 
in diarubbur-ti tiling  fiU«d  with  wiit«.*r :  iiiiii[>(^nde<l  in  iiir,  tliit  depending  part  iB 
dittvndod  :  suiipcndud  in  water,  it  i>  relieved  from  dii>tvnnuii. 
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Oommnnicating  Vases. — "  Water  seeks  its  own  leveL"  If 
there  be  two  cuuuuuiiicatiiig  vessels  coiitaiuiiig  the  same  liquid, 
the  lowest  part  of  the  communicating  chanuet  may  be  consitlered 
as  B  common  base :  its  area  is  a.  Regarding  it  as  the  base  of 
vessel  A  (Fig.  103),  we  see  that  the  preaanre  on  it  must  Iw  nbpy, 

and  the  height  of  the  liquid  iu 

A  is  b;  regarding  it  as  the  base 

of  vesacl  B,  the  prcsaure  (which 

i        must  be  the  same,  for  the  liquid 

is   at   rest)   is   equal   to  ab^: 

■*       whence  h  =  h  .  the  height  of  the 

liquid  in  the  two  vases  mnst  be 

I       the  same,  and  the  level  must  be 

i„    the  same  in  two  communicating 

vases,  whatever  be  the  shape  of 
the  comrauuication,  so  long  as  the  communication -pipe  is  con- 
tinuously filled  with  liquid.  Tliis  implies  that  suilicieut  time  for 
assuming  equihhrium  is  allowed. 

If  the  fluids  in  the  two  cDnimuiiioating  aduiims  be  not  of  the 
same  sp.  density,  the  efiect  is  an  inequatity  iu  the  heights  of 
the  columns,  which  vary  inversely  as  the  ap.  density. 

The  two  prwssnri*  are  ofi/jg'  iui<l  ^b^p^t} ;  iticwi  arc  equal ; 

Ill  Fiy.  104  the  column  of  water  ab  ami  tliat  «)f  nif-rciiry  til  balance  one 
Another  becdiu«  they  prcHluut;  mi  equal  ]irr»iin¥  uii  the  baae  «. 
If  a  U-tube  contain  wnt«r,  uf  wliich  tliat  in  oi«t  limb  i»  hwiteiJ 
wliile  that  in  Lh«  uther  retnains  cool,  th«  liquid  in  the  Iiutt«r 
liiiih  M'ilL  nixnd  at  a  higb«r  level  tbiiu  that  ia  ttio  cooler. 
Tlie  ri.'lHtiv«  ipcciBc  densities  o(  Quids  may  be  estimated  b]r 
DictliotU  based  on  thia  principle. 

The  accuracy  of  the  "water-level"  may  be  inter- 
fered with  by  capillarity.    U  both  limbs  of  aU-tube 
be  narrow,  but  unequally  so.  the  liquid  will  stand  at 
-U  — —  I  "■--  ^  fi^*^^  height  in  the  narrower  limb. 
^ma^  ^^  '^  U-lubu  1>L-  tukun  of  which  tlm  narrower  liiub  ia  the 

sborlvr,  the  ijuantity  i>f  wntor  ]tlni-«il  in  the  tutie  may  be 
ttguUted  w)  IU  lo  itffdnl  the  following  throe  conditions:  — Jl)  The  ohorter 
limb  lilleti  with  water,  the  upper  nvirfaoe  of  which  ia  concare,  and  the  water 
Btanding  at  a  I'lwer  level  in  the  widtr  tiib«  ;  (2)  Th«  ihorter  limb  com- 
pletely flllft'i  with  water  the  upper  Burface  of  which  ii  plane,  and  the  eoncare 
surfiicc  of  th<*  waU-T  in  the  wider  tnLe  at  nearly  the  haiiii-  lun-l,  hut  a  little 
higher ;  (3)  The  shorter  limb  conipli?li-Iy  liUcd  with  wattr  the  ti|i]>er  Hurrw-e 
of  which  is  convex,  and  the  water  ntaadiu^;  at  a  h>t{bL'r  level  in  the  wider 
tube,  its  i)nrk.ce  being  concaw. 
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Every  liquid  teuds  to  set  the  whole  of  ite  surface  at  right 
anglea  to  the  force  of  gravity. 

When  a  cylindrical  vessel  coutaiuing  a  lif|nifl  is  rotated 
round  its  longitudinal  axis,  the  surface  of  the  liquid  assumes 
a  parabolic  form  which  is  maintained  constant  as  long  as  the 
rotation  is  uniform. 

Tims  the  form  of  the  free  surface  of  liquids  is  affected  by 
gravity,  by  molecular  force8,  and  by  rotation. 

Archimedes's  Principle. — If  an  element  of  masis  of  a  liquid 
be  suppuwd  tij  he  yoliditied,  this  will  not  affect  its  equOihriura 
in  the  midst  of  the  fluid  of  which  it  had  previously  formed  part ; 
it  will  neither  rias  nor  sink.  Even  though  its  nature  be  altered, 
provided  tliiit  it  does  not  become  either  ligliter  or  heavier,  it  will 
neither  sink  nor  rise :  it  has  apparently  lost  its  weight.  If  it 
hecoTiie  lieavier  than  the  liquid  it  will  sink ;  if  it  hecouie  lighter 
it  will  rise.  (Jravity  has  no  effect  in  inukinj;  a  buJy  rise  or  siuk 
in  a  liquid  except  in  so  far  as  there  is  a  difference  between  the 
density  of  the  liquid  and  tlmt  of  the  body  suspended  in  it.  This 
leads  to  Archimedes'  principle: — "A  body  suspended  in  a 
fluid  apparently  loses  as  much  weight  as  is  equal  to 
the  weight  of  the  mass  of  fluid  which  it  displacea." 
The  application  of  this  principle  tu  the  study  of  ap.  density  we 
have  abeady  seen. 

A  body  lighter  than  water  may  be  lotided  with  just  so  much 
mass  as  will  sink  the  tight  body  without  that  additiunul  mass 
itself  entering  the  liquid;  the  whole  will  then  float,  the  lighter 
body  displacing  a  bulk  of  water  equal  to  its  own  bulk ;  the 
weight  oppoaiug  the  buoyancy  of  the  water  being  the  weight 
of  the  body  j>Im  that  of  the  load  placed  on  it ;  and  the  ratio 

^ —  =  Bp.  density  of  the  floating  body. 

weight  of  body  +  load 

That  a  b.xJy,  rv*n  tLowgti  mifficienlly  light  to  float,  tends  to  pink  in  wnter 
until  thu  wi'iglit  itf  tlic  water  diKjikcH  iM-comes  equal  to  th(^  v^eight  of  tlia 
whole  body,  omy  be  ^liowti  by  a  very  i-iitipli'  uc|K!rimeDt.  Take  two  fiimilar 
phialHj  two  small  elastic  bands,  and  four  nailii  which  imiat  not  be  too  heivvy. 
With  the»e  may  be  couKtructeii  a  toople  of  roiipli  modul*  ivprest-itling  a 
p<ir»on  witli  his  uniin  kvpt  duwu  by  hie  fide,  and  a  person  whose  anii*  are 
uk-vutud  abovQ  hla  liuad.  On  puttiuij  thcfeCi  mod«lH  Into  water  t])«  difi«reDc« 
of  floating  capacity  will  he  very  obviuus. 

Mdasnrement  of  PrMStir©. — The  pressure  to  which  the 
surface  of  a  liquid  is  exposed  can  always  be  measured  by  the 
height  of  the  liq,uid  column  which  that  pressure  can  support.     If 
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iu  Fig.  105  the  water  coutaincd  in  the  cylinder  AB  be  exposed 
to  a  certaitt  pressure  communicated  by  a  piston  at  A,  and  if  a 
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aide  tube  (a  piezometer  tube)  placed  at  C  be  in  ctmiituiuica- 
tion  witli  the  liquid,  water  will  rise  in  tliu  tube  iiutit  there  Ja 
equilibrium.  This  equilibrium  is  between  the  preaauro  of  the 
fluid  in  AB  (tofrctlior  with  the  atmoapberic  pressure  acting  through 
A),  tending  to  push  upwards  the  eolumn  of  water  CD,  and  the 
weight  of  that  column  which  (togttther  with  the  atmospheric 
pressure  acting  on  T"))  tends  to  make  it  sink  bark  into  the 
cylinder.  The  outward  pressure  P  exerted  by  the  liquid  on  the 
orifice  C  must  be  equal  to  the  weight  of  the  column  CD. 

Tlie  latter  ia  (vf  tlie  area  of  the  orifice  at  C  lie  itfc,  wnd  H  tli«  lieifjlit  of  tliu 
column)  ^uu!  toy  x  the  ruaiw  of  tlie  column  =  ah,  Hp^.  A»  tliix  in  ili*lril>iit«cl 
over  thu  an«i  ah,  tin  wver)-  unit  ofaiva  of  Ihu  sHrfBci'  of  Ibo  HhiiI  ilx  amount 
must  be  Il.pff.     WltiTicf.  P  =  H/>/. 

Lijt  us  suppoM  that  llie  cuhiiiin  CD  b  13596  cm.  h\gk  ;  the  pressure  per 
uoit  of  BUrfnt-e  ia  Upy  =  (13.590  x  1  x  B81)  Jynea  per  aq.  cm. 

If  at  B  a  U-tube  (a  manometer  tube)  be  fixed,  conttiining 
in  its  bend  a  quantity  of  mercury,  the  mercury  will  stand  at  the 
same  level  in  both  branches  as  long  as  the  internal  pressure  and 
the  external  are  equal ;  but  if  tluj  internal  pressure  be  incre-flsed, 
the  mercury  will  be  de])re33ed  in  the  branch  nearer  the  eylinder, 
and  will  rise  in  the  other. 

In  tlic  OMC  Hii])i)n8e4l  it  will  «iiik  through  }  cm.  in  th«  nearer  and  riM 
through  J  cm.  in  ttic  further  limb  :  a  diff«r«nc«  of  1  cm.  of  mercury  being 
thtK  CBtablishcd.  This  column  of  mercury  is  that  whose  weight  balauce&  the 
interna)  prefianiv  :  its  weight  in  (I  cub.  cm.  x  IS'&Q'fi  x  981)  dynva,  acting 
itjion  every  Kjiiare  ciiiittiiHjtrc.      Hi-uce — 

The  pressure  on  the  surface  of  the  liquid  iu  the  cylinder,  AB 
of  Fig.  105,  may  be  equally  well  represented  in  brief  phraseology] 
as  a  pressure  of  13590  cm.  of  water,  or  one  of  1  cm.  of  mercury. 
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Exploration  of  the  pressure  in  the  interior  of  a  sta- 
tionary liquid  mass. — In  Kig.  105  let  tliero  hu  an  aperture  in 
the  wjiils  of  the  cylinder  at  O ;  ihrongli  tliis  aperture  pas.s  n.  tube 
which  exactly  fits  it.  The  inner  end  of  thw  tulw  is  fomished 
■with  a  flexible  and  elastic  cap.  Tlie  outer  end  i«  connected 
directly  or  by  means  of  indiarubber — or,  better,  of  leaden  tulnug — 
first  with  a  stopcock  (the  bore  of  which  is  the  same  as  that  of 
the  tube),  and  then  with  a  manometer  tube.  Before  the  tube  is 
passed  through  the  oriiice  0  the  level  of  the  mercury  in  the 
laauometer  must  be  adjusted.  This  is  done  while  the  stopcock  is 
open,  by  pouring  mercury  into  tho  miuioineter  tube  and  bringing 
it  to  an  exact  level  by  the  addition  or  subtraction  of  mercury  in 
llie  outer  linib  ;  the  stopcock  is  then  closed,  and  the  tube  adjusted 
with  its  elastic  closed  end  in  the  body  of  the  cylinder,  llie  stop- 
cock is  then  opened ;  the  pressure  of  the  fluid  in  the  cylinder  on 
tlie  iudiarubber  cap  (if  it  differ  from  the  atmospheric  pressure) 
alters  the  shape  of  the  cap,  and  the  mercury  in  the  roanometer 
oaamnea  a  difference  of  level  which  indicates  the  pressure  in  the 
interior  of  the  cylinder.  If  the  cap  be  so  small  that  it  is 
collapsed  by  a  given  pressure  P,  it  cannot  l>e  used  to  record 
pressures  of  greater  amount  than  P.  Tliis  defect  can  bo  remedied 
either  by  using  a  larger  cap  or  else  by  using  capillary  manonieters 
of  uniform  bore,  in  which  the  displacement  of  a  very  small 
quantity  of  mercury  (and  therefore  a  email  compression  of  the. 
iudiarubber  cap)  will  serve  to  indicate  high  differences  of  pres- 
sure. If  the  cap  be  at  all  inflated  boforo  it  is  inaerterl 
within  the  cylinder,  the  elastic  recoil  of  tho  cap  adds  an  un- 
known riuaiitity  to  tlie  internal  fluid  pressvire,  and  the  readings 
of  the  instrument  are  untrustworthy,  imleas  special  contrivances 

Klure  made  use  of  for  ascertaining  the  exact  effect  due  to  this 
raae. 

Figure  105  F  shows  the  easeutiai  parts  of  another  instrument 

k.by  which  the  pressure  in  the  cylinder  AB  jnny  be  measured  ;  it 
is  substantially  identical  with  Uoucdou'a  Steam  Gauge.  A 
hollow  tube  of  elastic  metal,  having  an  elliptical  cross-section 
bent  into  the  shape  of  a  (J,  and  tilled  with  li<[uid  (alcohol, 
glycerine,  water,  or  oil),  suffers  chiiu^es  of  ahapo  under  the 
influence  of  changes  of  pressure  in  tlie  contained  fluid.  When 
the  internal  pressure  increases,  the  q  straightens  out;  when  it 
decreases  it  becomes  more  curved. 

The  prcssiUM  incn-otiing,  the  ctoss-scctiou  tendB  to  become  mora  circular 
(tbe  circle  being  a  6gure  tif  greatoat  area  for  least  clrcumfGreDce)  :  the  surface 
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ftnil  tlie  m«an  cun-ntun>  arc.  coniitant ;  tlte  curvature  ocrc-aa  tibe  Ltil>c  incnaaiiig,  i 
tbit  Along  the  tube  dimiiutiheH,  jukI  the  tube  itmighteus  out 

Such  a  tube  is  contmuous  with  a  box  or  cavity  containing 
liquid,  which  may  in  its  turn  be  continuous  with  the  li<iuid  of  the 
cylinder  when  tlie  surface  pressure  has  to  be  found,  or  may  be 
connected  merely  with  an  indiarubber  cap  like  that  inserted  as 
an  explorateur  in.  orifice  O  of  the  same  figure. 

Far  physiological  work  thie  principle  ia  applied  ia  Pick's  Federmaao- 
in«teT,  ill  which  the  Q-tuLe  iJt  filled  with  alcohol,  and  the  tubes  which 
iutttrveiie  hetweun  it  ami  tlnnw  1>Iii(k]  veiMeb  in  which  the  blood  ^irewiure  ha* 
to  be  dwtermiued  iin-  filliwl  with  a  solutiun  uf  bif«rbwii«U-  vf  «>ii)i  nf  a  bj).  gr. 
of  1-063  ;  this  hv'ia^  (Cyan)  the  Hcont^tli  of  »otutiuu  wliivh  uiust  uuirkedly 
checks  any  tcadency  to  coagulation. 

A  given  amount  of  bend  of  the  jj-tube  may  be  interpreted  as 
signifying  exposure  to  a  certain  amount  of  pressure,  if  the  instru- 
ment he  previously  graduated  by  finding  the  relation  between 
certain  known  preasurea  anil  the  distortion  produced  by  thetn. 

The  instrument  S  in  Fig.  t05  is  the  sphygmoscope  of 
Marey.  The  tube  a  is  closed  by  an  elastic  cap  which  projects 
into  the  Imnen  of  the  wider  tube  b ;  n  and  its  cap  are  filled  with 
liquifl,  which  is  continuous  with  tliat  of  the  cylinder ;  the  pressure 
within  Uiti  cylinder  forces  the  Uuid  into  the  uup  until  the  elas- 
ticity uf  the  cap  and  the  pressure  of  tliu  liquid  are  in  equilibrium: 
the  air  in  the  tube  b  ia  compressed,  and  the  pressure  is  com- 
municated to  a  manometric  cajisule  or  otiier  registering  apparatus, 
the  displacement  of  the  lever  of  which  may  bo  made  by  pre- 
liminary graduation  to  indicate  the  absolute  value  of  the  pressure 
in  AB. 

The  instrameut  M  is  the  manom^tre  m^lallique  in- 
scripteur  of  Marey.  An  elastic  metallic  capside  filled  with 
liquid,  which  is  coutinnoua  with  that  of  the  cylinder  AB,  plays 
in  this  instrument  a  part  which  in  principle  is  exactly  the  same 
ivs  tli!t(  uf  the  eliistic  cap  in  ilia  spliygmoscope. 

Measurement  of  Variable  Pressore.— if  the  pressure  in  the 
cylinder  AU  of  Fig.  105  be  variable — as,  for  example,  if  the 
piston  A  oscillate — the  various  mauomctei's  represented  in  tho 
figure  will  give  oscillating  leadings.  The  manometers  at  B  or  O, 
and  tlie  piezometer  at  C  are  subject  in  action  to  the  defect  that 
when  a  single  momentary  increase  of  ]»re8aure  produces  a  rise  of 
the  liquid  or  of  the  mercury  in  tlie  column,  the  column  does  not 
return  promptly  to  its  mean  position  when  the  adtlitional  pressure 
is  tJiken  off,  but  oscillates  like  a  pendulum  for  a  period  of  time 
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more  or  les3  protracted,  until  at  length  friction  and  viscosity  bring 
it  to  rest.  If  the  piston  A  oscillate,  its  movements  are  not 
faithfully  reproduced  by  the  oscillations  of  the  inGrcury  infinometer, 
for  the  latter  depend  on  (1)  the  weight  of  the  colMinn  of  liquid 
liftM  at  each  displacement  from  the  mean  position ;  (2)  the 
variations  of  internal  pressure  tending  to  make  the  column  assume 
new  mean  positions ;  and  (3)  ou  friction ;  and  tEiey  are  the  result 
of  the  composition  of  two  sets  of  oscillations,  Hie  one  due  to  the 
variations  of  pressure  in  AB  (and  uj^reeiug  with  these  variations 
in  period,  hut  not  In  form  or  ainplituiic  or  phase),  while  the  uLlier 
set,  the  pendtdum-uBcillations  of  the  manumeter*column  (which 
may  even  overpower  the  former  if  the  mass  of  mercury  be  great 
or  if  the  tubes  be  wide  and  offer  little  reBvstancc),  ore  due  to  the 
inertia  of  the  mercury,  but  vanish  if  the  frictional  refliatanco  he 
very  great  The  oscillations  of  the  mercury  may  be  checked  by 
making  one  part  nf  the  manometer-tuhe  capillary  (Mnrey's  mano- 
mfetre  compensatour),  or  by  interposing  a  stopcock  (Setschenow) 
the  orifice  of  which  can  be  narrowed  till  all  oscillations  are  cut 
off,  the  instrument  then  recording  merely  the  slow  variations  of 
mean  pressure. 

Kick's  uistrument  F  is  damped  (prevented  from  oscillating 
in  virtue  of  its  own  elasticity)  by  connecting  with  tlic  writing 
levers  a  disc  immersed  in  glycerine,  aa  shown  in  the  figure :  the 
viscosity  of  the  glycerine  causes  all  secondary  oscillations  rapidly 
to  die  away.  The  result  is  tliat  the  Feileruiauometer  is  very 
trustworthy  aa  a  reconter  of  thti  general  form  of  the  variations  of 
presaure  in  Ali.  The  sphygmoscope  and  the  metallic  inscriptor, 
not  having  much  inertia  to  combat,  render  accurately  the  general 
form  of  the  variations  of  pressure,  especially  if  in  the  liquid 
surroundin-j  the  elastic  capsules  in  the  latter  instrument  there  be 
lightly  packed  a  number  of  bits  of  sponge  to  check  elastic  vibra- 
tions of  the  capsules ;  but  all  the  different  forms  of  pressure- 
indicators  with  the  exception  of  those  shown  at  O,  C,  and  B, 
require  preliminary  graduation  boforii  their  indications  can  be  held 
to  denote  the  absolute  value  of  the  pressures;  and  further,  this 
preliminary  graduation  must  be  frequently  reiKjated. 


3.  The  KjNEncs  of  Liquid  Masses. 

Btreams. — Wlien  a.  liquid  flovs  in  a  stream,  its  particles  do 
not  become  separated  from  one  another  to  any  perceptible  extent, 
and  the  liquid  usually  prescn-es  its  mean  density.     The  liquid 


266 


OP  LIQUIDS. 


[CBAr. 


moves  as  a  whole  and  bos  iaertia,  as  may  he  seen  in  a  rapid  and 
full  stream  leaping  over  a  chink  into  which  n  slow  ot  meagre 
stream  would  be  puHod  liy  gi'avity. 

Tiiifi  iirmdjdc  ifl  RaitiL-liinua  iiuiili;  use  or  in  onltT  to  prcvtut  on  tficese  of 
rnin-vater  entorinf;  dmin-pipFit ;  n  alopitig  i^itter  hns  clunks  in  tl,  upcutn); 
into  t>ic  drninAge  BVHtem  :  nh^n  the.  ^iittcra  Wconie  flooded^  the  wnUir  rushes 
over  th'WW  chinltR,  and  the  conipamiivi-ly  ptirft  wRt^-r  is  directed  elsewhere 
thiui  into  the  Mwag«,  the  ('xceasivt  dilution  of  wliich  may  be  conBidfired  oa  n 
eommerciiil  evil. 

Wlien  once  a  stream-flow  has  been  set  up,  it  can  in  genend 
be  maintained  by  the  maintenance  of  the  supply  of  liquid  and  of 
the  propelling  force. 

In  any  sti-eani  thew!  may  be  drawji  a  8erie«  of  imaginary  lines 
which  represent  the  direction  of  movement  of  the  elements  of 
liquid  through  which  they  pciss.  Theae  lines  are  called  Stream- 
lines, or  Lines  of  Flow.  As  long  da  a  stream  retains  the  same 
breadth  and  form,  these  lines  may  he  considered  parallel  to  one 
another ;  if  the  stream  widen  out  they  diverge ;  if  it  contract 
they  converge.  Such  Hues  are  shown  in  Fig.  106,  wbieh  repre- 
sents a  stream  of  frictionless  liquid  flowing  either  from  A  towards 
C,  or  from  C  towards  A. 

It  Tls.lQS. 


I^w  of  Continmty. — If  we  consider  successive  sections,  equal 
or  unequal,  taken  across  a  liquid  stream,  it  is  plaia  that  the 
amount  of  liquid  wliich  crfisses  each  section  during  any  given 
interval  of  time  is  equal  in  each  case :  otherwise  there  would  be 
congestion  at  some  part  of  the  stream.  In  Fig.  106  the  amount 
of  liquid  which  crosses  A  or  C  io  a  second  must  be  equal  to  that 
which  crosses  B:  in  other  words,  the  Amount  of  Flow  across 
all  sections  of  a  liquid  stream  is  the  same.  This  may  be  other- 
wise expressed  hy  saying  that  at  any  part  of  a  stream  the  velocity 
varies  inversely  as  the  area  of  section  at  that  pai-t:  if  the  stream 
he  broadened  out  so  as  to  have  a  tenfold  cross-section,  its  velocity 
is  decreased  to  one-tenth.  The  statement  of  this  law  is  due  to 
Xeonanlo  da  Vinci. 

Forces  producing  flow. — If  a  perfect  liijuid,  exercising  no 
intramolecular  friction  and  no  friction  on  ttie  walls  of  tlie  canal 
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or  tube  conveying  it,  were  once  set  in  luotion  (say  in  a  close 
circuit  or  circulor  tube)  it  ■would  go  on  moving  witliout  liio  con- 
tinued a]iplication  of  force  The  energy  nctimlly  expended  on 
the  Hqnid  in  producing  iLi  niovement  would  remain  in  tlic  fluid- 
mass,  the  velocity  of  which  would  conseqnently  ronmin  unaltered. 
Such  a  liquid  might  be  exposed  to  a  severe  hydrostatic  stress — 
aa,  for  example,  if  such  a  perfect  closed  stream  were  contained  in 
a  ■couLiiiuous  tluxible  tube  exposed  to  the  weiglit  of  a  mass  of 
liquid  iu  wliicU  it  was  deeply  immersed  at  the  one  level — and 
yet  Llie  l!ow  wmild  not  be  iiiVected.  A  hanging  loop  of  tubing 
containing  a  circulating  liquid,  of  whicli  the  lower  part  is  exposed 
to  a  greater  pressure  than  the  upper,  will  present  a  turgidity  of 
the  lower  part  of  the  loop  if  the  tubing  be  distensible,  while  if  it 
he  rigid  there  will  he  no  expansion  of  the  atreara ;  in  the  latter 
case  the  How  will  not  lie  nfleeted ;  in  the  former  the  expansion  of 
the  stream  affects  the  \<ica.\  velocitiofl,  and  therefore  the  distribution 
of  the  energy  of  the  9)*9tetn,  but  the  mean  velocity  will  remain 
constants  Tn  the  case  of  a  suspended  loop  of  distensible  tubing 
the  indirect  effect  of  granty  is  tlius  to  diminish  the  velocity  of 
the  lower  part  and  to  increase  that  of  the  upper  part  both  of  the 
descending  and  of  the  ascending  part*  of  the  stream  ;  but  on  the 
amount  nf  flow  it  produces  no  effect. 

Flow,  on  the  one  hand,  and  hydrostatic  pressure  unifurinly 
applied,  on  the  other  hand,  are  thus  seen  to  be  perfectly  distinct 
conceptions,  and  in  a  perfect  lluid  tbuy  might  he  independent  of 
one  another;  but  in  any  physical  fluid  visGoaity  and  friction  oome 
into  play,  and  flow  can  only  be  kept  up  by  maintaining  a 
difference  of  hydrostatic  pressure  within  the  Huid  considered  oa 
ft  whole,  from  end  to  end.  Aa  it  is  kept  up,  so  is  it  started :  a 
column  of  licjuiJ  in  equilibrium  may  be  made  to  ilow  by  locally 
increasing  the  pressure  or  by  locally  diuiiiiishuig  it. 

ir  tin;  prtmBiuw  At  a  point  A   be  jp»  ,  and  tliat  at  a  point  B  be  ^^,  tin* 
diffen^nci*  uf  pn-iwiipfji  luilween  these  two  poinia  is  p^  ~p^.     Tho  difleroncc  of 

pWBBiire  per  unit  of  diataJic*  h  ^'  7  ? '.    The  fowe  prcxluctiig  the  flow  <3eiK.'iid» 

Ad 

on  tliiM  mtift ;  iind  Ibe  gTen.t«r  thift  mtio,  the  gruiter  is  the  velocity  pro- 
duced. 


Small  velocities  are  a.^snciatod  with  small  differences  of  pres- 
sure ;  or,  in  other  words,  with  relatively  great  distances  between 
points  whfjse  difference  of  pressure  is  eijual  to  any  predetermined 
quantity,  say  a  unit  of  force.      When   the  velocity  is  great,  the 
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points  between  wliioU  the  difference  of  pressure  ia  imity  are 
relatively  near  to  one  another.  The  theory  of  How  from  this 
point  of  view  resembles  that  of  Potential :  aurfaces  of  equal  pres- 
sure correspond  to  equipoteatial  surfaces;  Lines  of  Flow  or  Stream- 
Lines  correapoml  to  Linos  of  Force.  If  within  a  stream  there  be 
local  ditTereuces  of  velocity,  where  the  velocity  increases  there 
will  be  ft  local  fall  of  pre&sure.  If  in  an  existing  stream  the 
velocity  be  by  any  means  increased  locally  or  generally,  wliile 
no  energy  is  imparteJ,  the  pressure  is  diminished  correspond- 
ingly: a  larger  proportion  of  the  total  energy  is  kinetic;  the 
potential  energy,  and  therefore  the  pressure,  is  diminished. 

When  the  liquid  is  driven  through  a  long  unifonu  tube  there 
is  at  the  ori6ce  of  inflow  a  certain  initial  pressure ;  at  the  other, 
the  orifice  of  outflow,  there  is  no  pressure  at  all.  If  the  liquid 
be  driven  by  an  equal  force  through  a  shorter  tube,  the  pressure 
vanishes  in  tiic  same  way,  but  does  so  moi-e  rapidly,  and — since 
a  greater  difference  of  pressure  per  unit  of  length  is  associated 
with  greater  velocity — the  velocity  is  j^eater  than  in  the  longer 
tube.  The  shorter  the  tube  the  greater  the  velocity,  other  things 
being  equal  The  shortest  tube  possible  would  be  a  plain  aperture 
in  the  side  nf  the  vessel  from  which  the  liquid  issues.  In  this 
case  the  liquid  at  once  assumes  the  greatest  velocity  which  it  can 
acquire  under  the  action  of  a  given  pressure. 

"  Head  of  Water."— In  the  case  of  a  vessel  containing  water 
which  passes  out  Lhiuugh  an  aperture,  the  pressure  driving  the 
particltis  through  tlie  urlHce  is  the  hydrostatic  pressure  on  that 
orifice;  it  is  therefore  equal  (if  the  arc-n,  of  the  orifice  be  aj  and 
the  height  of  the  surface  of  the  liquid  itbove  the  wntre  of  figure 
of  the  orifice  be  H)  to  ai .  H .  py.  Tlie  height  H  is  knov^'u  as  the 
Head  of  the  liquid  producing  the  pressure,  and  the  "Head  of 
Water"  is  a  tei-m  familiar  to  hydraulic  engineers. 

Torricelli's  Law. — If  v  be  the  constant  velocity  of  outflow 
of  a  stream  passing  out  of  a  vessel  under  the  pressure  of  a 
constant  head  H,  v  =  v  2(?H.  If  the  aperture  be  in  the  sides 
of  the  vessel,  the  liquid  issue-s  with  velocity  v  at  right  angles  to 
the  walls  of  the  vessel ;  its  horizoutal  velocity  becomes  combined 
with  a  new  downward  fall  dtie  to  gravity,  and  the  liquid  travels 
in  a  parabolic  path,  forming  a  continuous  parabolic  Jet.  The 
form  of  the  parabola  indicates  the  proportion  between  v  and  y; 
and  thus  v  is  found   to  differ  very  little  (one   per   cent)   Irom 

It  is  somewhat  greater  the  more 
The  amoimt  of  outflow  per  unit 


Torricelli's  value,  f  =  -v/Si/H. 
convex  the  wall  of  the  vessel 
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of  time  is  not,  however,  tlie  product  of  the  area  of  the  aperture 
into  the  velocity ;  it  is  only  about  -^^^q  of  that  amount. 

The  Vena  Contracta. — The  issiiiug  jet  may  be  observed 
(especially  when  it  is  directed  upwards)  not  to  be  perfectly 
cylindrical,  hut  to  diminish  in  diameter  from  the  aperture  to  a 
spot  called  the  vena  contracta,  whose  position  is  sometimes 
somewhat  diHicult  to  define.  This  conical  form  is  due  to  the  fact 
that  t}ie  onward  flnw  of  liquid  is  not  confined  to  that  jiart  of  the 
fluid  whiirli  exactly  faces  the  aperture,  but  that  the  lateral  parta 
of  the  liquid  converge  on  the  oriiiee ;  thus  the  moat  external 
stream-lines  of  the  jet,  which  are  at  first  tangential  to  the  wall  of 
the  vessel,  assume  a  direction  at  right  angles  to  this  wall,  chaiigiti;; 
their  direction  gradually,  and  therefore  pi-esenting  a  curved  fonn 
as  shown  in  Fig.  107.  From  the  vena  contracta  onwards  the  jet 
is  approximately  cylindrical,  and  presently  Fi^.in, 

breaks  up  into  drops,  wliicli  (especially  if 
any  vibrution  affect  the  vessel  from  which 
the  jet  issues)  are  found  to  be  oscillating 
ill  form,  each  becoming  alternately  a  pru- 
late  and  an  oblate  spheroid.  The  unaided 
eye  cannot  perceive  these  .separate  drops, 
but  recognises  the  vein  as  continuous  though  *         fj^ 

troubled.  When,  however,  the  jet  is  instant-  S^'* 

ancously  illuminated  by  the  electric  spark,  and  its  momentarj' 
shadow  npon  a  screen  observed,  the  existence  not  only  of  these 
separatfi  di-ops,  but  also  of  others  of  a  smaller  size  occupyiog 
intermediate  positions,  may  be  demonstrated  with  ease;  for  the 
instantaneous  impression  on  the  retiua  persists  for  the  sixth  part 
of  a  second,  and  the  shallow  of  the  jet  appeai-s  stationary  on  the 
. screen.  The  jet  may  also  be  looked  at  through  a  Stroboscopic 
Disc,  a  rotating  disc  provided  with  cqiti<listaut  narrow  apertures. 
TJirough  each  aperture  a  glimpse  ia  caught  of  the  jet  iu  a  certain 
poeition.  If  the  rat*  of  rotation  i)f  the  disc  be  properly  adjustiid, 
each  successive  glimpse  is  caught  just  when  each  falling  drup 
has  had  its  place  taken  by  it€  successor ;  and  thus,  on  the 
whole,  under  such  a  succession  of  glimpses  the  jet  appears  to 
be  stationary. 

This  ]>li'i>nnRienon  ie  one  of  fne  ftdl  in  the  air,  far  the  break-tip  into 
(lrnp«  (Icpc-ntU  (,'Tcratly  on  ourfatK  tension  ;  a  lirjuid  cylinder  of  cxceuivc 
leiij^h  and  wilti  a  free  surface  first  auumes  iiii  unilultiting  contour,  and  then 
brcakx  up  into  separate  vibrating  drops,  nx  PIhLwhi  luw  slum-n.  The  vibi-a- 
ticinn  of  lii^uid^  in  tubes  are  tliereJ'ui'e  not  to  be  i;x})jiuuetl  o*  plteaomeiia  of 
this  kiniL 
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Ajutages- — The  uinoiiiit  of  ouifluw  from  an  HporturE;  in  the 
wall  of  a  vfMel  is  greatly  inHuenceil  by  the  form  of  the  ajutaj^c 
or  moiithpmct'  throiii,'h  which  the  liquid  paaaea.  This  may  he 
made  so  as  to  present  the  anmc  form  as  the  jet  itself,  and  if  it  be 
prolonged  just  as  far  as  the  vena  contracta,  the  amount  of  outflow 
becomes  equal  to  the  ])roduct,  area  x  v  x  time ;  not  because  tlie 
outflow  is  itself  altered,  but  liecause  the  area  of  the  orific«  of 

,  ,  ,       amount  of  outflow 

i-iutflow  18  reduced  so  as  to  become  equal  to   — - — ■ — — , 

the  terms  of  this  ratio  being  unaltered.  If  the  ajutage  piojoct 
inwards,  the  outflow  and  the  velocity  are  matcriftlly  dimtnislied. 
If  the  ajutage  project  outwards,  being  cylindrical,  the  cylinder, 
if  ita  walls  be  wetted  by  the  liquid,  is  completely  filled  by  it,  the 
jet  is  cylindiical,  and  the  outlluw  is  gneatei;  than  when  there  is 
no  such  ajutage.  The  liquid  is  drawn  towards  the  sides  of  t];c 
cylinder,  and  conversely,  the  sides  of  the  cylinder  are  drawn 
towards  the  liquid.  Hence  there  is  no  pressure  exerted  on  the 
walls  of  the  tubular  ajutage ;  on  the  contrary,  there  is  suction, 
and  if  any  part  of  the  walls  of  the  tube  be  mobile,  it  will  be 
drawn  into  the  strmm. 

Lateral  diminution  of  pressure.-*- If  through  a  tube  of  the 
form  shown  in  Fig,  108   there  puss  a  current  of  liquid  in  the 

branch  AB  under  a  pressure  which. 
Q  is    barely   sutficient   to   Iceep  up  a 

»  *'  stream  tilling  the  tube,  the  mutual 
attraction  of  the  walls  of  AB  and 
the  liquid  will  put  the  liquid  in  AB 
in  a  state  of  tension  and  diminish, 
the  pressure  in  AB.  In  the  side 
tube  CD  a  certain  column  of  liquid 
can  be  siipported  in  consequence  of 
the  diminished  pressure  in  AB.  If 
this  rise  to  the  |K)int  C,  the  upper  layers  of  the  column  DC 
will  be  constantly  earned  ofV  by  the  stream  BA,  and  tliue  a 
stream  is  set  up  in  the  direction  DC.  If  the  pressure  in  the 
main  pipe  Ali  be  too  greut,  liquid  will  bo  driven  down  CD. 


viz. 103. 


The  foriiivr  nclimi  m  by  Hontc  conaidcred  u  cxplHining  the  flow  cf  lymph 
up  the  tlioracic  diict. 

The  Banac  kiud  uf  eucttoD-eflect  may  be  perceived  in  the  older  furmi  of 
wnatihauJ-basins  connected  with  a  hoiiM  diuia-pipe  by  a  simple  Xxat  lube  or 
trap  ;  a  duwitnitb  of  liijuiU  along  the  main  pipe  producL's  tt  dfilkicncy  of 
pneaurv,  which  allows  the  atiu{ft<})tii-ric  prcsauru  couimuuiwu-d  through  the 
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biuin  to  tlrivf  t)ie  liquid  whicli  se-als  the  trap  into  the  dmio  pipe,  uiil  tliun 
to  leave  a  chiuinel  patotit  to  tlie  eulty  *<f  sewer  gae. 

The  pecntiarly  beautiful  forms  pi'ess'ntt.'cl  by  jet«  under  variom  cireum- 
itanceB  ore  ilettcriWd  and  figured  by  Sav&rl  ia  the  Amtalu  dc  Chimie  tt  d« 
Phytiqfit,  wis.  >'>4  iitid  SS. 

If  two  vi-t(!R-It<  lutviii^  uii  upvrttiru  in  cikIi  of  the  wujie  niix,  gliapi',  auil  at 
tlu'  HUiit.-  k'vel,  Im:  tm  arriui^'ot!  tliHl  thviw  VL^xHurvs  oru  L*xuully  uii^iuMitu  uni< 
antitlicr  and  cIobc  tot,'c-ihL'r  :  il'  li<jiiifl  be  jiumvd  into  the  unu  vessil,  it  will 
run  into  the  other.  The  voKBeln  may  then  be  removwl  to  a  certain  diBtuncu 
from  one  another,  and  the  lifpiid  will  contintie  to  pawt  fmm  thn  onn  vcbmI 
inln  thfl  oth«r,  through  A  tnfie  fornn^d  of  its  own  siipprtifinJ  film,  until  the 
same  level  ia  nearly  attained  ;  then  tlw  liquid  begioB  to  flow  out  of  both 
TMae]»,  ujid  the  two  Jet«,  mcetint;,  Rpreud  unt  into  a  itlicct  which  i«  dhven 
bade  and  !ove  between  the  two  orifioet)  ax  the  liquid  in  the  one  or  the  other 
vessel  ataadfl  for  the  moment  at  the  highei'  level. 

Energy  of  Jet. — If  TaniwUi's  luw  held  perfectly  good,  that 
V  —  v''2^H,  tiie  velycity  would  be  the  same  as  if  every  jiar- 
ticle  had  fallen  from  the  surface  of  the  liquid  to  the  orifice,  antl 
had  passed  out  of  the  orifice  with  a  velocity  due  to  its  faU 
tliro\ij:;h  the  hei<;ht  H.  This  would  he  absolutely  the  case  were 
it  not  for  friction  and  viscosity.  If  the  level  of  liquid  be  main- 
tained constant  by  a  continued  sujujly,  the  velocity  ia  constant. 
At  tiie  iustauC  when  the  whole  of  the  on^'iiial  liquid  has  passed 
out  through  the  orifice,  the  experuneut  may  be  stopped.  The 
liquid  which  haa.  passed  out  has  conveyed  with  it  energy  = 
^  mj^  =  mvifH  if  Torricelli's  law  bf  tnie.     At  the  commencement 

of  the  experiment  it  had  potential  eiiex:^  /'mass  m  at  ati  avcraj^c 

H  H 

height  of  —J   of  m^  —  only.     It  has  therefore  gained  energy 

H 

=  inj-^.      Thia  energy  has  been  lost  by  the  water  which  has 

II 

replaced  it,  and  sunli  from  Um  surface  tu  au  average  deptli  of  -^ 


2 


H 


below  the  surface,  thus  losing  potential  eneiKy  ^3  -^  without  any 
ao^m pen  sating  gain  of  energy  in  any  other  form. 

The  same  principle  is  illustrated  in  the  follciwiiiK  ex|icriment.  One  corJt 
of  a  WoulfTs  bottle  completely  filled  with  water  is  fitted  with  a  piece  wf  gluM 
tube  drown  out  w  a«  to  form  n  jet  ;  the  other  cork  admits  a  tube  leading 
from  a  vcseul  coataiuiiig  mercury  ;  the  mercury  \%  caused  to  fall  into  the 
butUc  Suiitt!  uf  Ihu  water  which  ulruuly  fiLLt  ihu  buttle  ift  driven  out  with 
^reat  velocity  in  a  tliin  etnuun.  Tlie  mi'iriiry  KiukJiig  through  the  water 
rlooea  enersy  pmiiortional  to  its  density  (mtfH  =  i"pyH)  ;  thi:  water  forced 
ont  acqiiircB  UiIa  energ)*,  and  hence  hun  ii  great  velocity  imparted  to  iL 
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Velocity  of  Outflow. — Torricelirs  law  shows  that  the  velocity 
with  which  a  )i(iiii'l  issues  through  an  aperture  varies  ns  the 
scjuare  root  of  the  head  of  water  or  the  pressure  ;  or  that  the 
head  of  water  neceasary  to  produce  a  certaiu  velocity  in  a  free 
stream  of  liquid,  suLject  to  no  resistances,  ia  proportional  to  the 
BquarB  of  the  velocity. 

Any  preasm^  exerted  on  a  liquid  may  be  measured  as  Head 
of  Uie  same  liquid  or  of  water. 

Elxample. — Tlie  prieMiire  at  the  liottota  of  a  column  of  water  1033*3^ 
cm.  deep  is  cc^ual,  per  sq. cm.,  lo  the  wei|;;bt  of  10333  grammea.  The  atn 
plieriu  presaur^  oa  the  burface  of  a  liquid  is  cqiutl  to  the  name.  Huaea  the 
atniuapberic  pressure  is  eimal  to  tbut  of  a  head  of  water  of  1033*3  cm.  Water 
lit  It  dujitli  of  1  OSil'S  ciiL  uutlur  a  u'Ater-surfucu  exposed  to  tlic  atmcKplifin;  is 
exposed  to  fis  much  prtssure  m  if  it  lay  at  a  depth  of  2066'6  cm.  of  water 
under  a  fr*e  surfnce  not  exposed  to  th«  atmosphere.  In  a  vessel  filled  with 
watiT,  I033'3  ct]i.  deep,  proncled  with  an  aperture  in  ita  luwer  sarfiwie,  lhi> 
aperture  commiitiiMitiiig  vitli  a  vacuum,  and  tiie  iip}i«r  Nurfaw  of  thr.  Ilqiiiil 
communicating  witli  liiL'  iitmo^jhere,  tins  vi;li>citj'  of  outflow  will,  ucf-ording 
to  TorricelliV  law,  be  v^g  x  98 L  x  20660  =  2013-6  cm.  per  «ec.,  while.  If 
the  lower  (ipertiirt  were  also  in  communication  with  the  atmosphere,  the 
uffecliix-  hraid  of  watt-r  would  Uu  1033-3  cm.  and  r  ■-  \^S  x  081  x  1033  3  = 
14S3-8  cm.  per  see. 

The  pressure  pro<)uced  hy  coXQpreeeiou,  as  in  pressing  home  a 
syringe,  the  negative  pressure  produced  by  rarefaction,  as  in  pull- 
ing up  the  handle  of  a  syringe,  may  all  be  measTired  in  the  same 
way.  In  general,  when  a  fluid  is  acted  upon  by  a  number  of 
forces  represented  as  heads  of  the  same  fluid  by  U,  H,,  H.,, 
eta,  the   velocity  of  outflow  of  the  fluid  through  an  orifice  is 

The  speed  of  outflow,  v2jH,  does  not  depend  upon  p,  the 
density;  all  liquids  —  ether  and  mercury  —  issue  Math  equal 
velocities  under  the  action  of  equal  beads  of  their  own  subatanca 

Recoil — The  law  of  action  nud  reaction  pcrfcetly  applies  to 
liquid  jota  and  to  the  ve8.se]s  from  which  they  issue.  The 
hydraulic  tourniquet  is  an  example:  a  cistern  containing  water 
an<l  capable  of  rotating  on  an  axis  :  pipes  ending  obliquely  issue 
fnim  its  sides :  water  runs  out  of  these  pipes  :  and  by  reaction 
they  are  driven  backwards.  Since  they  ai-e  not  fitted  to  an  im- 
movable cistern,  but  to  oue  free  to  rotate,  the  whole  rotates,  and 
thus  the  contrivauce  may  be  used  to  convey  water-power,  the 
water  constantly  running  into  the  rotating  cistern,  and  running 
out  of  the  obliquely-set  exit  pipes. 

It  must  he  ea&Ier  for  a  hor*c  to  pull  a  water-cart  out  of  which  water  is 
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Umiini;  in  jet»  tban  it  i«  to  pull  on^  in  wbinb  tlicrc  is  no  tccoil  to  aid  tlie 
iiDirual. 

Beaistancea. — Wheu  n  Uuid  stream  passes  through  a  tube  or 
a  channel  it  experiences  different  retarding  resistances,  which  con- 
vert energy  of  motion  into  heat,  and  nf  wtiich  the  following  are 
tho  chief : — Snrfaee  Adhieaion,  Surfonp.  Friotion,  Tnequalitios  of 
the  Surfacn  of  thn  hounfiiug  solid,  Eddic^a,  and  Fluid  Viacosity. 

Surface  Adhesion. — ^If  a  liquid  wei  the  walbs  of  the  tube  or 
diaiiiifl  thruugh  which  it  jtassea,  the  layer  of  liqiiid  which  is  in 
contact  with  the  walls  does  not  change  except  by  molecular 
diffusion  and  exchange.  It  remains  in  aitit  while  the  liquid 
flows  past ;  in  other  words,  there  is  inSnltc  friction  between  this 
layer  and  the  walls  wetted  by  it.  This  gives  great  scope  to  the 
viscosity  of  the  fluid,  tliough  it  itself,  when  once  the  flow  has 
been  set  up,  does  not  directly  cause  any  waste  of  energy.  While 
the  walls  ai'e  being  wetted  there  is  a  slight  liberation  of  heat,  due 
to  the  satisfaction  of  the  mutual  molecular  attractions  between 
the  liquid  and  the  walls, 

Snrfiace  Friction. — If  the  liquid  do  not  wet  the  tube 
through  which  it  passes,  the  surface  of  the  moving  liquid  and 
the  walls  of  the  vessel  rub  a^ust  one  another,  and  energy  ia 
last  in  overcoming  this  friction.  This  friction  is  greatly  increased 
by  roughnesses  on  the  walls  of  the  tubes  or  channels,  which  cause 
little  eddies  or  whirlpools. 

Eddies  arc  producetl  when  a  moving  tiuid  i.^  subjected  to 
nnsymmetrical  retardations.  The  cases  in  which  eddies,  whirl- 
pools, vortex -ring.^,  ixilling  and  tumbling  water,  and  the  like,  are 
jirodueed  are  extremely  numerous.  Water  flowing  in  a  tut>e 
which  suddenly  widens  or  suddenly  narrows  generally  presents 
such  eddio.*!  at  the  point  nf  sudden  enlargement  or  contraction. 

Viscosity. — ^When  a  disc  or  cylinder  suspended  in  a  fluid  is 
caused,  by  twistiug  the  supporting  wire  or  wires,  to  enter  into 
o.'ieillation.s,  it  is  found  that  the  oscillations  soon  die  away ; 
though  they  continue  isochronous,  their  ampUliide  diminishes  ;. 
and  the  amplitudes  of  any  two  oscillations  stand  to  one  another 
in  a  constant  proportion.  If  the  disc  or  cylinder  be  wetted  by 
the  fluid,  the  layer  immediately  in  contact  with  the  solid  remains 
in  contact  with  it ;  this  Him,  moving  with  the  solid,  sets  in 
motion  the  film  next  in  contact  with  it,  and  that  in  its  turn  sctA 
the  next  in  motion.  ICach  film  goes  through  a  displacement  aomo- 
what  less  extensive  and  more  retarded  than  the  one  gone  through 
by  the  film  which  seta  it  in  motion.     Continuous  rotation  of  the 
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disc  or  cylinder  vculd  in  time  cause  tho  whole  fluid  to  rotate  ; 
but  the  influence  of  an  oscillating  disc  tmvulH  a  very  shcirt 
diatauce,  for  half-an-inch  away  from  the  disc  the  iiuid  remains 
undisturbed.  Within  this  small  distauce  the  liquid  perfutma 
oscillations  which  in  perirxl  resemble  those  of  the  oscillntinji  disc, 
but  which  in  amplitude  are  less,  and  iu  phase  more  retarded,  the 
greater  the  distance  from  the  disc,  Thta  lagging  hehinci  on  the 
pfiit  of  the  liquid  has  the  efiect  of  dragging  on  the  disc  and  of 
gradually  bringing  it  to  rest. 

If  the  disc  Iw  wetted  the  retardation  is  independent  of  the 
nature  of  tlie  material  of  the  disc,  for  there  is  no  vehicity  lost 
by  friction  Ijetween  the  solid  and  the  liquid.  If  the  disc  be  not 
wettfid,  there  is  distinct  friction  (external  friction)  in  addition  to 
the  viscosity  (internal  friction). 

The  Coefficient  of  Viscosity  sen'eaas  the  means  of  lueasur- 
ing  the  viscosity  of  a  substance.  We  have  already  seen  that  it 
is  equal  uumLTically  to  the  force  wliich  ia  necessary  to  maintain 
a  flow  of  one  layer  of  ones  iiuit-area,  past  anuLher  of  the  eanie 
area  with  a  relative  velocity  of  one  unit,  the  distance  between 
the  layei-8  being  unity,  and  the  space  between  them  continu- 
ously tilled  with  the  viscous  subatonco. 

If  F  lie  the  furce  r«(}Utr«<l  tu  keap  up  tli*:  flow  of  two  liiycn  pit.1  vacli 
otiier,  Lliuir  nrwt  beiii^  w»c:li  «,  t3iwr  rmpective  diMtjiMceM  fnini  li  jOniic  of  w- 
ferviLcv  l*«ring  r  and  r^  4tn<)  tlwir  JiKtauco  from  i?aiJi  uUkt  thyrvfonj  r,  —  r^; 
if  Uitsir  nwpecljvw  wlocitiw  be  v^  and  v_,  unci  ticir  relalive  velocity  v^  —  v^; 
and  if  tbu  ccwfficient  of  TiBCOEity  be  ij, 

In  the  case  of  water  at  15'''5  C.  tliis  coefficient  is  00131 
(Meyer),  while  that  of  air  which  obeys  the  same  laws  is  'OOOStiO, 
both  expressed  in  C.Q^.  units. 

Tbuu^li  lL«  di-iisity  of  air  is  T-y-gtli  tliiil  iif  wuler,  i\x  vlsct«ity  ie  as  much 
OH  j^^tli  itiuL  uf  water.  For  brueit,  ij  ib  itbmit  300,000,000.  Moist  air  lb 
iiions  viscuufi  thau  dry  air :  eo  ib  \hA  air  nior»  viBL-QUe  than  cnld  air. 

Hot  water  is  less  viscous  than  cold.  Most  saline  solutions 
are  more  viscous  than  water,  saltpetre  solution  beinjr  an  excep- 
tiun.  Must  valine  solutions  arc  more  viscous  the  more  concen- 
trated they  are,  saltpetre  solution  being  again  an  exception — 
(Meyer). 

The  (.■x[>erirni>utal  dcivrminatiou  of  the  coefGcJcBt  t]  by  means  of  ob<»^^'a- 
ldaia  made  with  the  aid  uf  an  oBcillating  dii>c  Involvi^ti  much  nmthcitiatii-al 
computation,  and  it  is  often  quite  euJScient  to  recurd  tliu  so-cullud  Lotra> 


XI.] 


VISCOSITY  OP  LIQUIDS. 


27  B 


b 


liUunlc  Docromont  or  ^r.  de«.  ^dal  to  eacli  liquid.  Let  ns  auppose  tluit 
tliu  uaoillatiii^  •Mm:  or  cyliimlei'  fii-st  tumii  tlirongli  the  nn^le  w  ;  Uiat  nt  the 
next  twi-il].itif>ii  hx  lU-vJAtiou  from  i1<i  mrjin  posiiion  i#  -^^^  m  ;  iTiiiit  nt  the 
tliin)  it  it*  Ycts  ^  I'tnT  ^  '^  ■  '""^  ""  forth.  Then  <.'acli  eucwiuiivt  aotjlc  is 
<-(]u»l  to  the  one  inituwiiatcly  prec»lin};  muItipHcd  by  ^'jij^ ;  ita  1<^.  is  ci^tiaI 
to  the  log,  of  the  preceding  anglo  of  osdllation  pluA  thnt  t.f  ■^^,  or  witn  ut  the 
log  of  -V^;  that  ia,  nitnu*  0043648.  Such  a  coiiNUnt  iltirpTeix^E:  in  lli« 
logarithoui  of  the  itaccuutive  ati^ltw  of  o«cillftt><m  ix  thif  U«f.  tlec.  fur  tlit;  par* 
ticiiljir  t«uLifttitnctr  wlnme  viwxH'ity  it  mcjuuivs.  UmliT  Poi»euiil«'ii  biw  (p, 
292]  vu  hIuiII  find  il  ttiitiplo  nii.>l]iiKl  of  mciuiiiniiK  the  value  of  tj. 

Effect  of  Viscosity  on  a  stream  of  liquid. — The  external 
layer  is  nt  rest.  The  axitil  parts  of  Uie  stream  are  less  in- 
ihieueiid  by  Wseosity.  The  veloeity  of  the  uxia!  part  of  the 
8tream  is  greater  tfian  that  of  the  peripheraJ  ;  the  fall  of  pros- 
Bure  IB  therefore  greatest  in  the  centrR  of  Uio  curreiit.  Tlu'  fall 
of  pressure  being  gi-eattat  in  the  centre,  the  citernnl  parts  of  the 
fitroATii  tt^nd  tn  move  into  the  cientre,  and  to  have  their  velocity 
accekrated.  In  the  case  of  cajullarj'  tubes  the  axial  stream 
travels  with  a  greater  speed  than  the  average  as  determined  hy 
PoiseniUe's  Law,  to  be  presently  stated. 

Constant  flow  through  uniform  rigid  pipes.  —  The  pres- 
sure whicli  i.s  iifcessiiry  tu  kvv\>  up  a  coulimioiia  flow  of  wat«r  in 
a  uuifomi   pipe,  EF  in  Fig.  109,  may  he  produced  by  a  total 
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hi-ad  H  of  water  in  a  vessel  (a  pressure-vessel,  ABCD  in  tho 
figure),  tlii.i  height  H  being  rnaintaitied  caustaiit.  The  water  is 
olwerved  to  issue  fifoni  F,  with  a  ctmstant  velocity  r ;  this  velo- 
city would  (if  there  had  been  no  resistances)  correspond  to  a  head 

A,  =  — ;  this  may  be  considered  (so  far  as  the  velocity  alone  ta 

concerned)  to  be  the  effective  head  of  water  at  F,  the  orifice  of 
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exit :  it  may  be  called  tliK  "  velocity -head."     This  velocity-head, 
G.T,  is  eqiifll  in  nil  parts  of  the  tube. 

The  hytirostAtical  riressure  in  the  immediate  neighbourhood 
of  F  is  necessarily  null ;  that  at  E,  just  within  the  pipe  KF,  is 
less  than  the  pressure  (=  tib'Upy)  corresponding  to  H,  thi? 
original  head  of  water;  it  con-espouds  ti>  a  head  A^  (the  preasUTC- 
head),  which  difiers  from  H  in  the  first  place  in  coasequeuce  of 
a  i;erUuu  sU^h^  witJilu  of  head  caused  by  the  fonnatioa  of  eddies 
between  ]>  and  K,  and  in  the  second  place  dilVura  from  H  by 
the  amount  of  the  velocity-head  itself.  If  we  nej^lect  the  effect 
of  the  eddies  wo  may  say  that  the  velocity-head  aud  the 
pressure-head    are    together    equal    to    the    total    head  : 

The  hydrostatic  pressure  in  the  tubp  (if  tlie  tube  be  tmifonn) 
dies  awny  uniformly,  as  is  shown  by  the  level  asaumed  by  the 
water  in  the  successive  piezometer  tubes  of  Fig.  109. 

If  the  tube  were  lengthened  there  would  be  a  similar — but 
necessarily  a  slower — dyiiifj  away  of  the  pressure ;  the  velocity 
would  be  less  tliroiigbout  the  tube ;  the  velocity-head  being  leas, 
the  pressure-head  would  be  greater:  there  would  therefore  be  a 
greater  pres-sure  at  E. 

The  hydrutitatie  pressure  at  any  part  of  a  stream  measures 
the  resistance  which  lias  yet  to  lie  overcome.  If  there  were  no 
resistance  (as  in  the  imn^inaiy  case  of  a  perfect  lifjuid)  there 
would  be  no  lateral  pi-essnre,  no  pressure-head  j  nnd  the  whole  of 
the  original  total  head  H  would  be  taken  np  in  ]jroduciug  a 
velocity  =  v^liylL 

The  greater  the  velocity  of  a  stream,  the  greater  the  rosist- 
auce  encountered  by  it  within  a  tube  of  given  dimensions.  The 
resistance  thus  rlepends  nut  only  on  the  dimensions  of  the  tube 
but  alee  un  ihe  velocity  of  the  stream. 


1  -T-  +  i    rf-j)  (HftEKcii) ;   R  bcinp  the 
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of  the  n^islancu,  I  luid  i^  the  Ivut^lh  and  diamoUii  u£  the  UiW,  a  and  b  con- 
at«nU  to  be  fuuud  by  uxpLTiinuat. 

H  »  nut  a  number  of  units  oT  forue,  but  it  is  the  height  (in  cui.)  of  a 
lu.tuLiil  tuLuum  of  wattr  wbiuw  weight  can  he  HUiiiK>r(«il  by  ihi;  etruuu-rciii«t- 
auco.  Its  weight  is  Ry  dynefl,  ilikI  tb>t  ri'itistance  of  the  Htrcnni  U  theruroru 
Ey  liyncs  of  fiircu  p^tr  b(].  ctii.  of  tratiBV^TRe  section  t>(  tht-  niiiforiii  rtraim. 

(jiven  that  the  tube  has  a  certain  length  /,  and  diameter  d, 
and  a  certain  constant  driving  head  of  water  H,  the  velocity  » 
mtist  so  adjust  itself  that  the  three  equations 
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H=A,  +  A, 


K=.,  =  ;(a;;  +  tp(..) 


dtall  all  bold  good.  If  the  tube  be  exceedingly  long,  tho  resist- 
auce  becomes  proportionally  very  great  aiid  the  velocity  very 
small :  yet  in  a  tube  of  aay  assignable  length  there  would  be  a 
constaut  velocity,  and  the  pressure  would  uniformly  (though 
slowly)  diiuiuiuh  from  one  end  oi  the  tube  to  the  other.  The 
pressure-line,  OF  of  i'ig.  109,  would  in  such  a  case — a  case 
uf  low  velocity — have  a  gentle  slope.  When  the  tube  is  very 
flhort,  the  resistance  is  initially  small  and  nipidly  I'alL) ;  thus  great 
velocity  ia  aasadated  with  steep  slope  of  the  pressure-Uue. 

If  the  driving  pressure  increase  or  diminish  (the  dimensions 
of  the  tube  remaining  unchanged),  the  velocity  produced  by  it 
and  the  reai.'rtance  brought  into  playltoth  increase  or  both  diminish. 
If  the  dimensions  of  the  tiibt-  he  altertd  while  tlie  driving  prea- 
sure  remains  unchanged,  the  resistance  and  the  velocity  wiU  vary 
in  contrary  sense-s :  increased  resistance,  diminished  velocity ; 
diminisliud  resistuuce,  ii[t;rcaaed  velocity.  If  the  resistance  be 
increased  by  increasing  the  leugth  or  leaseuing  the  diameter  of 
the  tube,  the  velocity  and  the  tunount  of  How  wninot  remain 
constant  tmless  the  driving  pressurtj  be  also  increased,  (iiypcv- 
trophy  of  the  heart  when  the  placental  is  added  to  the  ordinary 
circulation.) 

If  tlie  hydrostatic  pressure  be  found  to  have  increased  (higlier 
columns  being  supi>oited  in  the  piezometers),  the  plain  inference 
is  either  that  the  driving  preaaurehas  boon  increased,  nr  else  that 
the  peripheral  resist-ance  hiLs  been  increased  by  narrowing  or 
lengthening  or  perhaps  by  ronghenLng  the  tnbe.  If  the  pressure 
be  fonnd  to  have  been  diminished,  either  the  driving  power  or 
the  resistance,  or  both  these,  must  have  been  also  diminished. 

If  more  than  one  of  these  elements  vary,  the  result  may  be 
accumulation  or  compensation  of  effects.  Higher  head  or  nar- 
roM-ed  tubes  both  increase  the  pressure ;  with  lowered  driving 
pressure  on  the  one  hand  and  narrowed  or  lengthened  tubes  on 
the  other,  the  pressure  may  remain  the  same,  though,  in  this  case, 
the  velocity  is  diminished.  Hence  it  is  necessary  to  observe  both 
the  pressure  aud  the  velocity  iu  order  to  investigate  the  local 
condition  of  any  stream. 
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Flow  due  to  variable  pressure  in  nmform  rigid  tubes. 

— If  the  driving  presaui);  ho  reduced,  tlie  pressure- head  hccoiiiL'S 
A  greater,  iind  tlie  velority-liead  a  less,  froetion  of  the  rpdiiced 
total  head ;  the  velocity-licad  is  thxis  lessened  not  only  in  pro- 
portion to  tlie  diminution  of  driving  pressiire,  hut  in  a  still  greater 
ratio.  Convewely,  if  the  driving  pressuie  be  increased,  the  velo- 
city-head is  increased  in  a  greater  ratio.  Since  the  velocity  ia 
proportional  to  the  square  root  of  the  velocity-head,  it  is  not  the 
velocity  but  the  square  of  the  velocity  wliich  is  a  little  more 
than  doubled  by  douhUujj;  the  di'iviug  force.  Hence  a  curve  in* 
dicatiiij.,'  Uie  variations  of  vehicity  agrees  in  general  form,  but  not 
ill  iu>  iiiiiphtudes,  with  a  curve  indicating  the  varialiona  of  driving 
pressure. 

Interrupted  flow  through  uniform  rigid  pipes.  —  a.  The 
drivinj^  force  maybe  iipplied  inU^niHtttintly,  nud  may  cama  during 
the  intervals.  A  perfect  incoinpressible  fluid,  treated  iu  this  way, 
would  move  like  a  solid  nnl  struck  tnidwise  by  a  hammer :  all  its 
particles  would  move  simultanwusly,  and  liquid  would  pass 
tliroii^h  the  orifice  of  exit  without,  any  interval  of  time.  A  phy- 
sical liquid  is  hurled  upon  itself,  compresses  itself,  and  resiles. 
Thus  the  Mdrlenness  of  outflow  at  the  orifice  of  exit  is  somewhat 
modified ;  hut  even  with  physical  liquids  the  more  ri<;;id  the  tube 
the  more  abrupt  is  thw  oiillow.     (Atherymatou.'^  arteries.) 

b.  The  pressure  being  conthmous,  the  iluw  may  bo  suddenly^ 
stopped  by  au  obstruction,  say  by  a  stopcock  suddenly  closed.  Be 
youJ  thu  stopcock  the  li<[uid  runs  on  somewhat  and  rarelius  itself. 
or  even  produces  a  vacuum  near  the  stopcock  ;  it  returns  and 
oscillates  until  it  cornea  to  rest.  Between  the  diiving  pressure 
and  the  stopcock  there  is  a  sudden  increase  of  pressure.  If  a 
house  water-tap  be  suddenly  turne<l  off  when  water  is  running 
from  it,  a  jar  or  jolt  may  bo  given  to  the  wati^r  in  the  ]upos 
which  may  he  audibly  perceived  throughout  a  large  building. 
Thi.s  jolt  is  due  to  the  sudden  stoppage  of  the  water,  which  has 
already  acquired  momentum.  The  water  comproaaes  itself,  re- 
hounds  and  oscillates,  producing  waves  of  condensation  and 
rarefaction  which  travcd  back  iutn  the  mains.  The  pressnre  in  the 
pipes  is  greatly  increased  by  this  mode  of  treatment ;  an  original 
pressure  of  30  lbs.  per  sq.  in.  may  be  raised  to  one  of  120  or 
130  lbs. 

This  iirinciplc  i«  cctinomised  in  tlis  Hydraulic  Kani.  A  utre-Ain  of 
waltT  IB  alternately  cut  olF  and  allownd  to  tlow  :  every  ciit^^iiT  viin.blo«  the 
•tKOin,  whoH  prewure  '»  Uieroby  gnwtly  iDcruawi],  to  force  a  voIto  which 
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it  cdiiM  not  othcrwiu  force,  aiitt  voter  ia  thaa  dnTen  into  a  Hmoll  cli&iiibcT 
coiiUtiiin^  a  limitt^il  volume  of  air.  This  nir  i*  cumprcAAe<!,  ami  ita  claitticJt; 
(•naltles  it  to  foire  tlir  water  out  tJironjili  i»  nanvw  jet,  «t  ft  pn-Jwurc  tioarljf 
efiual  to  the  greatut  i>r«SKiiru  <.-x]N;rtv[iceii  by  the  liquid  linrtng  th«  cut-otT. 

Plow  througli  bent  tubes- — Bf^nds  inci-ftase  the  resistance 
and  diuiiaish  the  prfjiiortioiiate  velocitj'.  The  forward  momentmn 
of  the  liquid  is  destroyed,  the  TORCtion  of  the  walla  13  callesd 
iuto  play,  and  by  the  elasticity  of  the  liquid  and  of  the  walU  a 
new  path  is  given  to  the  liquid.  Energy  is  consumed  in  this 
process,  particularly  in  producing  eddies  in  the  stream,  and  the 


rif.uo. 


piezometer  tubes  show  that  the  pressure  in  tlie  water,  which  ia 
about  to  meet  the  obstacle,  is  much  greater  than  in  that  which 
has  just  left  it.  If  the  driving  pressure  be  applied  iatennittently, 
the  liquid  betweeu  the  driving  apparatus  and  thi*  rigid  bend  may 
h«  sliai^ily  compressed  before  it  can  pasa  round  the  bend ;  it  is 
driven  against  the  bend  like  a  solid,  and  if  the  bend  he  at  all 
extensible  it  is  driven  forward.     (LnroTnotive  jnilse.) 

Plow  in  tubes  not  of  uniform  diameter. — We  are  apt  to 
think  that  when  a  fluid  passes  from  a  wide  into  a  narrow  tube 
the  pressure  is  increased,  and  conversely,  when  a  fluid  runs  ont 
of  a  narrow  into  a  wide  tnbo,  that  it  is  relieved  of  pressure.  The 
reverse  ia  the  caae.  To  understand  this  we  must  consider  the 
flow  as  already  set  up  and  constant.  The  law  of  coutinuity  shows 
that  when  a  rapid  strt:am  passes  iuto  a  wide  channel,  it  travels 
more  slowly.  The  velocity-head  suffers  a  diminution,  and  the 
pressure-head  increases:  the  kinetic  energy  posaeased  by  the 
■  rapidly  entering  narrow  stream  is  partly  spout  in  dashing  that 
stream  against  the  comparatively  stationary  layers  in  the  wider 
channel.     A  certain  degree  of  conipreaaion  is  thus  produced,  and 
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a  ooireepoDditig  presBure,  wliich  is  addiliooiil  to  tbe  liydi-ustaLic 
pressure  iilroiuly  existinj^.  Conversely,  wlieu  a  stream  uarrows 
it  runs  more  rapidly :  its  kinetic  enerjjy  becomes  greater  (masB 
for  mase),  and  there  ia  a  tendency  t«  stretch  or  rarefy  the  nnr* 
rowwl  and  accelerntcd  atroam.  This  tendency  to  rarefaction,  or 
even  to  tearing  Hsunder  the  stream,  corresponds  to  a  defect  of 
pKSSure  in  the  narrower  tube. 

Til  the  cage  of  n  liquid  passing  from  a  narrower  channel  into 
a  "wider,  we  have  a  flow  from  a  place  of  lower  pressure  into  one 
of  higher.  This  apparently  anomalous  flow  is  explained  by  the 
fact  that  the  pressure,  even  in  the  wider  channel,  can  never  (on 
account  of  th«  yradnal  disappcarancii  of  pressure-head  in  the  piv- 
duction  of  beat)  exceed,  but  must  always  be  less  tlmu,  that  due 
to  the  iirifiiiial  prcwHure-hfuil.  /(,,. 

Flow  in  branched  rigid  tubes. — li  the  total  cross-Bectional 
area  of  tbe  branches  do  not  exceed  that  of  the  main  tube  from 
which  they  spring,  tbe  parietal  surface-area  of  tlie  stream  is 
increased ;  this  increases  the  resistimccs,  and  tlie  velocity  falls. 
If  the  total  cross- sectional  area  do  exeeod  that  of  the  main  tube, 
the  chanuel  is  widened  and  tbe  resistances  are  relatively  dimin- 
ished :  they  may  even  be  diminished  by  this  cause  more  tbnn 
they  are  increased  by  the  increase  of  (he  total  surface.  The 
resistances  are,  on  the  whole,  absolutely  dimiiiished  in  this  case, 
and  the  velocity  of  the  whole  system  may  he  absolutely  greater 
thau  that  in  an  imbroncbed  tube  ot  corresponding  length. 

It  we  compare  two  branched  syatvms :  the  one  laiye,  contain- 
ing many  branches,  each  of  which  would,  if  the  stream  wei'e  driven 
through  it  alone,  offer  mncli  resistance,  but  all  together  affording 
the  stream  a  wiile  bed  for  its  How ;  the  other  system  small,  con- 
taining few  hmncbes,  of  which  each  is  capable  of  offering  only  a 
small  resistance,  but  which,  by  their  small  number,  cause  the 
stream  to  fl,ow  in  a  naiTow  bed ;  it  is  possible  tliat  the  dnnng 
pressure  necessary  to  produce  a  given  velocity  may,  in  these  two 
cases,  be  the  same.  The  advantages  of  the  aggregate  wide  channel 
in  the  first  system  are  neutralised  by  the  great  resistances ;  the 
advantAges  of  the  small  resistances  in  the  second  system  are 
counteracted  by  the  narrowness  of  the  channel. 

ThtiR  1)0th  naall  and  large  animals  have  approximately  the  ume  blotxl 
prewuw  in  the  oortJL 

Where  branches  are  given  off,  the  pressure  either  increases  or 
begins  to  fall  off  less  rapidly,  bec^iuse  the  velocity  diminishes ; 
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whei-e  the  branches  icunite,  the  pressure  rapidly  falls  off.  IE  tlie 
whole  aystoni  be  quite  syninietrical,  tbo  prcBauro  ia  the  middle  of 
the  gystoiii  is  greater  thiui  half  tlio  iuitial  pi-cssiire. 

Ttiit  pn'HGUK  in  tde  rnjiillarifit  is  more  Lbnii  IinlT  tlii-  initial  pn^^un  in 
llic  uurta,  though  their  joint,  sectional  awa  ia  very  j;rpat  and  llieir  rMiRUinL-e 
uwonlingly  wry  »mftll  ;  and  the  preiware  rery  rftpiiliy  fnllii  a»  the  vpinn  iiiiite. 
At  the  Mine  time  th«  velocity  incrcft»*«  a«  the  awtionnl  uren  (liiiiinijhps,  nnd 
the  amount  of  flow  into  the  auricles  is  i-quui  to  tbut  hom  Ihc  veiilrifli^. 

When,  in  a  system  of  bmnohed  tubes,  some  of  the  branches 
are  relatively  shr»rUr  or  wider,  the  ainoiint  nf  flow  through  these 
is  to  some  extent  relatively  more  t&\)u\. 

When  in  such  n  system  the  How  ia  ciiee  fairly  established,  if 
the  biunches  m  a  whole  become  narrowed,  the  resistance  is  in- 
creased and  the  velocity  falls.  If  some  only  l>e  naixowed,  while 
the  driving  pressure  remains  the  same,  the  velocity  in  the  remain- 
mg  branches,  itmy  be  increased,  for  the  channel  is  nanowed,  being 
wholly  or  partly  restricted  to  the  latter.  The  pressure  in  those 
which  are  narrowed  is  increased ;  but  the  presjjure  in  the  unnar- 
rowed  branches  may  also  be  increased,  for  the  peripheiiil  resist- 
ance o£  the  system  as  a  whole  is  rendered  greater,  and  the  velocity- 
Iieud  is  tliminished.  The  effect  on  the  unuanowed  vessels  may 
thn.'i  Iw  the  same  as  if  the  (h-iviiif,r  jMJwer  had  Jieen  inorcasfid. 

Flow  through  capillary  tubes. — Poiscuille  found  that  the 

law  rc;;iiliH.iiitf  the  velocity  of  the  flow  of  fluids  tbniiigli  tubes  is 

inaterittlly  altered  when  the  diameter  is  very  small.     Tlironjrh 

capillary  tubes  (leas  in  diar.  than  ^  inch)  he  found  that  the 

r* 
quantity  of  fluid  flowing  in  unit  of  time  is  Q  =  ifc  —    U,    where 

£ 

Q  ia  that  quantity,  r  and  /  the  radius  and  length  of  the  tube,  H 
the  head  of  fluid,  and  A  a  constant  to  he  det^nntned  by  experi- 
ment. This  du  termination  is  effected  by  actually  obserring  the 
number  of  set^onds  taken  to  drive  a  given  quantity  of  liquid 
thron<;h  a  capiilaTy  tube  of  given  length  and  diameter.  The  con- 
stant k  docs  not  depend  on  the  nature  of  the  walls  of  the  tube  if 
the  walls  be  wetted  by  the  liquid  ;  it  dependa  only  on  the  nature 
of  the  liquid  and  on  the  temperature.  Water  near  the  boiling 
point  passes  five  times  as  rapidly  through  capillary  tubes  as 
water  near  its  freezing  jwjinU  We  can  do  no  more  here  than 
assert  with  a  reference*  that  theory  indicates  that  (on  the  aasump- 

*  Helmhullz  uiil  PiotrowHkt,  SitxujtffsbericAu  <i.  tt'i^n.  Aead.  Math.  n/Uurv,  CI. 
XL.  1S60 ;  omt  0.  £.  Meyer,  Anal.  d.  Ffiynk  u.  d,  ChtmiCi  1877,  wid  Utwtttun 
tb«ra  rited. 
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tion  that  llie  layer  of  liquid  in  contact  with  the  snlM  wnll  is  at 
rest,  an  assumption  verified  by  the  fact  that  it  is  immaterial  what 
is  the  uature  of  the  aubstauce  of  the  tiibe  provided  that  it  is 

wetted  by  the  liquid)  the  coefficient  A  =  —  = ■  :  wheuce  it 

81;  ij 

is  easy  to  find  the  value  of  if,  the  coefficient  of  viscosity,  for  any 

liquid. 

Tlie  veloi^ity  v  =  Qtuuitity  of  fluttl  flnMring  acmn  any  tiictiun  in  unit  of 
time  ~r  area  of  Ittat  toction.     Hcnct'^ 
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The  velocit)'  in  capillary  tubes  19  proportional  not  to  the 
square,  hut  to  the  fourth  power  of  the  radius ;  not  to  the  square 
ruot  of  the  pressure,  but  to  the  pressure  itself. 

MeaBurement  of  the  pressure  at  any  point  of  a  stream. — 
Tliis  CHniiot  lie  clleciUid  hy  cutting  Uw  1.u1k:  and  tixiiif^  a  niano- 
mctcr  in  iU  Tlie  result  in  that  ciwc  woulil  lie  a  determination 
of  the  originiil  driviii;^  pressure  or  liead  of  liquid,  for  tlie  condition 
becomes  statical  aiKl  tlie  liquid  seeks  its  level.  Tlie  rnanonifiter 
miial  he  fixed  lattinilly  and  at  right  angles,  and  the  flow  must  be 
allowi^d  tn  proceed  without  any  hindrance.  This  being  seen  to, 
any  one  of  the  forms  of  manometer  already  dc3cribed  may  be 
used 

Measurement  of  tho  velocity  of  a  stream,— It  is  ueeillewi  tn 
puiiit  out  thiit  iTa*  volui-itj  cannot  hv  csilcukted  from  a  Eingle  obsonruliou  of 
lh«  priisaure  at  any  point. 

Tbo  velocity  may  bo  obBerv«d  by  direct  or  by  indirect  methoila  uritli  more 
or  la»  uccMLiicy. 

A.  Piruul  >[oth(jJji.— a,  '^/idVaZ.— The  vilucity  of  bmitw  floating  in  the 
nreiini  iiiny  bo  lueLUuniil  hy  ubseniug  tlii;  diatuticc  truviawd  by  one  of  them 
in  «  given  time. 

Ohjettwji  to  Ihit  melkod. — Thfi  vel&eity  of  Heating  boiiies  dooa  not  neces- 
sarily niprf-^i'iiL  llif;  vdocily  i>f  the  fttreuni.'* 

A  bixiy  of  tilt;  Miiiii-.  »y.  il(rii9iity  lU  the  liijiiiil  itiovi-.t  tn  tlie  iixiitl  ^Ireani  : 
ih«  l.-irjiiT  it  i«,  liii'  riinn-  it  in  clflay*ii  by  ttio  pyrijibi-rul  layers  am!  thf  niorc 
(lowly  it  moTM.  It  moves  without  mlling,  unleas  it  ffiXa  into  the  pprijihcriral 
Jayers  *nil  i«  twisted  out  of  tliem  into  the  centre  of  the  stream. 

A  body  heavier  or  lighter  than  the  liijuid  ii  jires-'uad  ii^aitist  tli«  upper  or 
lower  wall.  It  rolltt  iu  tlie  pvripliericul  layei**,  for  it  is  urged  furwiird  l>y  un- 
■ymmetrical  forces  ;  and  tt  in  rutardcd.     Within  corlain  lunits,  the  lai^er  tt 


*  For  the  Tact*  mentioned  in  the«e  paragraph*  I  am  indeMt^  to  tho  kftidnMS  of 
Vtoi.  Hnmilton  af  Alwriii'en.  who  rpjcr.ta  Schklswwslty's  nswrtion  that  thp  aame 
granular  aubstanca  may  doat  in  tho  azial  or  in  tho  pcnphornl  stream,  according  to 

:  nature  of  tho  other  granule*  with  which  iL  b  aiHodat«d  in  \\m  stream. 
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M  Ui«  1«»  it  ii  retarded  ;  but  it  alvruj-g  trav«U  mor«  «lowly  tLan  a  body  of 
tlie  saoie  ileiwity  as  the  Hqaid. 

Of  twu  heavy  bodies  the  heavier  moves  mo^  slowly.  Of  two  light  bodies 
the  Ujjliter  aonictiines  moves  more  slon-ly,  an  effect  due  to  rolling  fricUoa. 

A  dlic  wliicli  rulls  travels  at  thu  tame  rate  os  a  sphere  of  thi;  some  density 
and  radiuM  ;  if  it  travel  in  t\ui  axial  Htrioiiii  t)i4!  vulocicy  is  tin:  rtuiui!  as  that  uf 
a  sphere  or  cylinder  of  iKl-  saniB  railtiK  If  a  litavy  or  li^ht  dine  lie  flat 
agninat  the  wall,  the  friction  is  incryawd  iind  thi!  Kjieeil  dimitiiahpd. 

Rodic>n  nearly  filling  a  tube  approximate  more  nearly  in  speed  than  when 
they  rtrti  flraaU  in  relation  tn  tlie  tnh«  ;  if  heavy  they  tend  Ui  chwk  the 
ittream  and  to  permit  the  prwwurp  tn  ac^nniiilatft  behind  thwii :  if  light  Ihcy 
ttod  to  roll  taptdly,  and  thus  V)  diminiHh  the  prcMUrv.  behind  them. 

If  the  density  of  thi^  licjuid  be  diniinisliiiti,  the  bodies  (e.g.  red  corpuscles), 
which  had  been  jiwt  light  enou^^h  to  float  in  the  unaltered  liquid,  Hink  ami 
roll  in  tli«  lower  part  of  the  »treaai.  If  it  ba  iiicreai«ed,  sU  floitt.  In  either 
van.',  or  if  thi;  sp.  gr.  of  tbu  floating  bo<lies  be  altered,  these  bodiva  block  the 
bends  uf  thu  ttiW  and  che^'k  or  tluw  the  strvaui  (albumiuuriu,  cholera,  per- 
nicious aiiujiiiia,  fatty  uutholieui,  iiijuctiwu  uf  luilk  into  the  veins).  When  the 
Atri>jtru  is  flluwed,  if  the  particles  Iw  viEcid  tbuy  adhere  to  the  adea  of  tin* 
tube  and  the  stnuim  flows  pa^t  them :  afU'r  a  whilu  they  may  be  torn  otf 
and  iiRfi'fiil. 

b.  du-inicaL — ^Tliiii  ih  a  method  prinoipalW  eraphnred  in  phyaiologioal  work 
and  8U(;Ki'atftd  by  Herin^^  A  oolublft  chemical  siib«U;nce  easily  noogniMil  is 
introdnocd  into  llit;  stream  :  at  n  certain  distance  the  fttreom  is  tapped,  and 
aaniplcfl  of  tho  liquid  are  thcTc  collected  at  rcpilar  intervals  of  time.  Thi: 
iiiter\'al  of  time  which  (.-lAp^vs  bcforp  the  *^hfmifal  substancQ  can  be  detected 
iu  lltv  )i(|OKl  at  a  given  di>>tMiiee  iiffoi^N  a  dittiiiii  I'roiii  wliicli  the  iii>;aD  vulocitv 
ran  be  roughly  ijil  cubit "-d. 

c  VoiunKiric- — 1,  Thv  voswl  may  b«  cut  and  ifie  uuiotint  of  onttlow 
m«aaured.  This  is  objecliouablu  (1)  bccjtuss  the  R«istance  is  diminished  and 
the  velocity  increased,  and  {2)  if  the  stream  be  a  cloM'd  circuit,  opmiLitg  into 
it  cauM»  b>^  of  liquid  and  a  mixlilication  of  the  driving  pressure. 

S.  A  tube  lUleti  with  Uc^uid  may  be  placed  in  thu  cour»«  uf  the  tttruim. 
TliL>  lifiui<L  in  the  tubi;  is  driven  into  ihi;  stream,  liquid  fn»n  the  stream  taking 
its  place,  Tbo  tiinu  takuu  to  empty  thu  ttibe  is  obncnud.  The  objiections 
are  (I)  resifltance  interimaetl,  and  (2)  diffit'ulty  of  recof-nisinf'  the  eiact  insrarit 
at  which  the  liquid  is  wholly  replaced. 

3.  En  Vierurdt'i*  Stronuibr,  u^ed  by  physiologists,  there  are  two  larite 
caviUes  ;  thrt  (>ti«  niMnT  thir  Iiijart  is  filled  with  oil  ;  tb(*  citvlty  n<nin.>r-  the 
periphery  in  filU-d  with  defibiitiati-d  IiIihhI  (tin;  jiitniiUiclion  iif  whiidi  into  the 
animal's  circulation  does  littk'  bnrin).  Wlu-n  tbi?  «trean)  ilows,  the  oil  jiaHses 
from  the  central  cliaiulier  iut^t  tlw  peripheral  ohl'  :  the  delibrinated  blood  of 
the  peripheral  chamber  posses  into  the  nrtimal  :  the  prmiinal  cavity  r<r  thu 
atromuhr  becomes  filled  with  the  fresh  blooii  of  the  animal.  Then  by  u  play 
of  stopcouk»  (utfeclcd  just  when  the  oil  in  on  the  point  of  escaping  tuto  the 
Vicawls  uf  the  aitiuiul)  the  stream  iu  the  inittruueut  is  rcivv»t:d,und  the  animar.4 
blood  duwa  into  thu  uliunibcr  now  oci:upti;d  by  thu  oil,  tlie  oil  juisaing  back 
into  the  chambir  which  it  had  oriyinnlly  occupied,  and  the  blood  whieh  hait 
fruihly  entered  that  chamber  bfing  returned  into  the  cimilatioti.  The  oil' 
chamber  is  always  functionally  in  the  rf^r.  This  may  be  repeated  several 
time«,  and  thu»  the  amount  of  time  taken  t>n  pn.-H  n  certain  lai>!;e  rolumc  of 
blond  through  the  instrument  may  be  ascertained.     The  i\niinal  sufFors  ou 
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the  vfaolc  no  Imb  of  blood,  and  tkcrt  is  no  material  increase  (2  to  6  mm.) 
u{  reaintance  in  the  circuit  of  fluid;  vihih  if  the  Htream  be  periodically 
rcT(*msl  wiUi  n.tl«iitiun  and  pri^iiij'titiide,  roLilively  gretit  occiinicy  a  atlHin- 
able  10  tliif  lU't^TniiHiitidii  ortlic.  iiKtiiii  veliicitr. 

B.  Indirect  M<'tlii>dit, — TIih  iiK-cliuntcnl  offcirb  of  a  stivain  of  liquid 
are  ciuri\'ed  from  lU  forwunl  moiupuluni. 

a.  *^  IlydrosUUk  femtuliim." — If  auaie  object  be  attached  by  ita  app«r 
end  to  the  walls  of  tlie  tube  and  i>WLng  frt^i^ty  in  ibc  stream,  itie  quicker  the 
Bow  the  moro  will  tJie  lower  freo  ecu!  \k:  (ii«]>liu:til.  A  boi  cuutaiiiim;  auth 
a  contrif'oncu  (ihtf  iio-uilk'd  liydruMlatic  pi^ttduliim  of  entjiriftin)  niay  bt: 
Inmricd  (u»  in  Vicronlt'x  Huvmotauliym^tr*;)  in  the  couivu  of  a  sLn^m  ; 
or  tilt!  pundultim  itavsU  may  cuuBiHt  simply  of  a  necdlo  ihruei  through  iho 
lihutiiiwallfl  uf  the  tube  <tr(as  in  Clmuveaii'a  Haemodromnmitre)  thmnf;h 
plastic  parts  of  thu  wall  of  the  tubp.  In  thp  latter  caee,  aa  the  imnienied  end 
of  tlifl  niville  is  driven  by  tlie  atwfLm  in  one  direction,  the  exti-rnn.!  end  moves 
in  thfi  opiiiwik^  dire rtioa,  anil  th»  «-l8*tic  walU  of  tho  tube  ncen-ine  a  c-imrtant 
preeaure  upon  it,  l«iidin^  to  ndjiist  it  in  itn  normal  podti'in  at  rijjht  nn^lvs  to 
tlie  wall  of  the  axie,  the  whole  amngement  Iwing  very  senBitive  to  vtLriations 
of  velocity. 

Cbauveaa's  inHtmment  ba^  been  ro  modified  that  at  one  and  the  same 
pfti-t  of  thu  cinnilatioM  tbv  |nv«*iiiv  luuy  bi-  fvund  by  a  Hphy^itiuiKope,  and 
thu  velocity  us&crtuinud  by  u  liiuuiodrvmuuiulur  which.  bL'iutf  uoupk'd  with  Klf- 
R^tvri[i;{  ii];paratu»,  hiw  au<]uu-cd  the  rnxmn  of  hwruodnjuiwi^'mph.  Th«  wu- 
dtUon  of  a  alruutii  cannot  bL'  Lharuuj^lily  iavaatigatud  uuluw  the  premure  and 
llie  velucity  are  both  nfioerlaiiied. 

h.  Pitot'A  Tiiiie*. — If  a  ])ie/.nnn't»>r  tube  be  prolonged  into  the  axis  of  a 
stream,  and  if  it  be  b<?nt  at  the-  HHlimor^ed  end  *o  that  it^  lower  onflci::  faces 
Uio  f'lream  (iin.-ctly.  the  liqniiJ  Will  be  forct-d  up  in  it  ti)  a  certain  height 
l^vatt^r  than  that  which  corrci<pondH  to  tlie  lateral  pretwuri:  at  the  Fame  part 
of  the  tulie,  and  varying  with  ihe  velocity.  If  its  J^jwi^r  orifice  be  tumrd 
KVAy  frMMi  the  Htn'Jim,  the  rohimn  of  liquid  i»  lower  tliacL  it  would  Itave  betrn 
in  a  ))1iiiii  |>ii-£c)ni«tvr.  If  Iwii  milIi  lataml  tultt-H  lit-  fixed  near  X"  one  anotlnir 
in  the  wulli^  uf  a  niHin  tubi^,  tin*  iiioiitli  nf  om-  faeiiiH,  that  of  the  other  turned 
uway  from  the  stream,  then-  will  bu  hvt  up  a  diiTervncv  in  the  hvtKbts  of  the 
columns  in  these  tubes  ;  this  difference  depends  entirely  on  the  velocity  mid 
varies  with  it.  This  principle  has  been  applied  by  Marey  (Trav,  du  Lah.  1875. 
]).  347}  in  the  formation  of  a  reyistimng  inRtrnment  "f  gii'nt  cxt'ellunt*,  but 
in  phyiriological  work  niiformnut^dy  not  ninitublu,  becau»«^  coa^tlation  \»  pro- 
moted by  tlic  projcL-tion  of  the  lAC*:ml  tubes  into  the  lumen  of  thtf  main  tubes 
through  which  the  blood  iwwwea 

All  inittnitnenti  in  which  indirect  methods  are  applied  must  be  jTnduatM 
by  rtxiioniiig  thetii  Ut  the  a4tioti  of  strejinw  of  vatioiw  known  velocitiea,  and 
inorkin);  the  comvpinding  poNitionn  at  which  tlic  index  iit«nd». 

Work  done  in  keeping;  up  a  stream. — Tlie  initial  preaaure 

H  would  of  nu  entry}'  were  wasted  in  overcomiug  resUtazices, 
etc.)  produce  a  velocity  V  =  'j2gR,  and  the  kinetic  energy  im- 
parted to  a  mass  »«.  of  fluid  would  be  —-  =  mi?H,     This  is  tlie 

■whole  energy  lost  by  the  water  falling  out  of  the  cistern,  aud  this 
ia  independent  of  the  amount  of  the  resistances.     The  work  done 
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in  keeping  up  a  stream  ia  therefore  iudepeudeiit  of  the  length  of 
the  pipes;  the  pressure  at  any  |)oiiit  ia  uot  so.  If  we  know  m 
ami  H  it  is  oasy  to  calculate  the  total  work  doiio  hy  the  driving 
apparatus :  if  we  do  not  know  H,  but  do  know  h^  (the  hei^jht  of 
the  maximum  piezometer  column),  the  equation 

Work  done  (  =  wjfH)  =  rnffJtj,  +  -— 

eiifibles  \\H  to  find  it  when  we  know  the  velocity  of  outflow. 

This  «rinAtion  is  arrirei]  at  hj  combitiing  the  two  equationa,  "H  =■  h^  +  A, 

oaJ  h,  =  —  . 

If  the  k'ft  ventriflf  of  thi-  hmnFm  hemt  jiropel  at  cat'li  wyKtolu  180  |»rammM 
of  Iilduil  «t  a  inuan  iiressun?  equal  to  that  of  12-fl  wii.  of  mertiiry  (that  is,  the 
up.  ^r.  of  lilriml  Witig  ]'Ot>!ty  at  A  lii-ail  U  of  1  64  i-in.  of  llit-  Diutii'  lin^uid, 
1)Ii'oclJ,  ilurin|^  «-i»i'ii  sysliile  tin*  Ii^ft  vcHtrit'lc  ilor*  work  Ki|iira1  Ii>  Mj/M  = 
180  X  981  X  104  =  2B,5l5y,120  Er>5!i  =  weij^lit  of  29,hiU  graniim-*  nuned 
I  cm.  or  -2952  kiloa  lifted  thrDttf{li  1  metw.* 

If  the  liquid  leave  tlie  tulies  witli  actual  velocity  v,  its  kinetic 

energy  is  then  only  —  •      The  differonce  {-^  ~~V/'  ^*^"g 

been  spent  in  overcoming  reslatances,  has  been  tran.qformed  into 
heat. 

Streams  in  elastic  tubes. — If  the  inllow  be  continuous  the 
internal  pressure  uxpaniitt  the  tuhe,  and  continues  to  do  so  until 
the  tube  exerts  a  rantractile  reatitutive  pressure  equal  to  the 
expansile  pressure  of  the  liquid.  Then  the  atreani  flows  on  as 
in  a  ri;;id  tube. 

If  the  inflow  be  intermittent  the  case  ia  diflcrent.  We  may 
first  aup[M>BG  the  liquid  to  he  injected  in»tantaneoui;ly  and  the  tuhe 
to  expand  as  a  wliole.  Iti  such  a  ca.'ie,  a  sudden  inflow  creates 
a  pressure  wliich  expand.?  the  walls  of  the  tube,  in  addition  to 
forcing  onwards  a  certain  quantity  of  the  liquid.  Work  is  thus 
done  upon  the  walls  of  the  vessel.  These,  being  elastic,  tend  to 
restore  the  wark  done  upon  them.  Wlien  the  pressure  due  to 
the  iuHow  ii  relieved,  the  pruiiitive  form  of  the  tube  is  gradually 
resumed :  the  potential  energy  of  the  stretched  walls  is  traJisferred 
to  the  liquid  in  the  form  of  kiuetiu  energy.  The  stream  ia  thus 
kept  up  until  the  original  form  of  the  tube  is  restored ;  then  tlie 
outflow  ceases. 

If  thciHi  be  a  quick  succession  of  influxes,  each  successive  in- 

'  Xcorlf  150  foot-[vonndti  pnr  mfntite,  at  ,^   hontc-povror  on   the  vtenge; 
aboat  ^  b.-p,  during  RODtr&ction :  its  own  weight  raiaed  abont  2S,000  [e«t  per  hoia. 
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flnwiii;^  qiiiintity  ruay  enter  the  olnstic  tube  before  ita  preiJec 
lias  left  it.  If  tlie  frciiueiicy  of  iuflow  Ue  HufTtcifntly  Rreat,  the' 
outflow  may  Ix-  iminterrujitctl  tlioitgli  variable  in  velocity  and 
amoimt^  The  rate  of  succession  necessary  for  continuoiia  outflow 
(lepeuUa  on  the  width  of  the  tube — being  greater  as  this  is 
greater — and  also,  iu  the  reverse  sense,  on  the  extensibility  of  the 
walk  of  the  tube  aud  ou  the  mechaulcal  L'esistaace  ofiered  to  the 
ouflow.  The  greater  the  resistaiiCfeB,  or  the  yreater  the  exten- 
sibility of  Uio  tube,  Llie  greater  will  hv  the  pruportiimate  size  of 
the  dilatation  or  pouch  of  the  elaiitic  tube,  and  tlie  more  continu- 
ous will  he  the  outllow  :  the  more  deliberate,  therefure,  may  lie 
the  suceessioQ  of  iniluxes  uecessary  to  keep  up  a  continuous 
onflow. 

Primary  waves  in  elastic  tubes. — The  tube  does  not  in 
fact  ililiLLu  and  contract  ua  a  whole,  nor  doea  t}ie  liq^nid  at  each 
inflow  enter  instantaneously.  The  pouching  i.s  hical,  and  the  in- 
Hnw  more  ot  less  gradual.  TIic  more  gmdunl  the  inflow,  the  less 
the  width  and  the  greater  the  length  of  tlie  pouch  produced :  the 
more  abrupt  the  inflow,  the  wider  and  shorter  will  the  pouch  be. 
Tlie  pouch  contracts  and  drives  the  liquid  onwards:  this  actiou 
lUlales  the  walla  of  the  tube  beyond  the  pouch :  the  dilatation 
travels  onwards,  aud  liquid  travels  with  it.  'Hie  contraction  of  a 
pouch  can  never  produi;u  another  iiuite  equal  to  itself  in  width : 
and  so,  us  the  dilatation  travels  itlong,  it  becomes  narrower  and 
longer.  Tu  this  case  the  direction  of  movement  of  the  liquid  as 
a  whole  and  that  of  the  cUlatntion  are  the  sansc. 

If  insteftd  of  a  sudden  inflow  of  liquid  ihie  to  pressure  tliere 
were  a  amlden  outflow  ihto  to  suction,  there  would  be  a  local 
coUapae  of  the  walla  of  the  tube.  The  walls,  retuiiiinf^  to  their 
original  form,  will  cause  a  stream  to  be  set  up  which  travels 
towartls  the  orifice  of  suction.  Tlie  contracted  form  of  the  tube 
will  travel  iu  a  direction  opposed  to  that  of  this  stream. 

The  dilatation  or  the  contraction  of  the  tube  as  they  traveli 
form  a  wave,  the  so-oalled  I'ulse-Wave — poaiUve,  and  travellingl 
iu  the  same  direction  as  the  liquid,  in  the  case  of  au  inflow  and, 
dilatation;  negative,  and  travelling  in  the  opposite  direction,  in, 
the  ea.sc  of  a  suction  of  the  liquid  and  a  contraction  of  the  elastic j 
tube. 

The  further  down  tho  tube  the  later  the  arrival  of  tliia  pulse-J 
wave.    The  velocity  of  propagiition  of  a  wave  of  this  kind  dependsj 
Upon  tho  elaaticity-coethcient,  and  on  a,  the  tliicknees  of  the  wall : 
tlic  greater  these  are  the  greater  is  that  velocity.     It  also  depends 
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oa  d,  tbe  diameter  of  tlie  tube,  aud  on  p.  the  density  of  the  liquid  : 
the  greater  these  are  llie  less  i»  v,  the  velocity  of  propagation,  the 
distance  trawrseil  by  the  wav«  lu  one  second. 

Tlie  law  IB  (Moeus  :  Die  Pultcurvf,  Leidea,  18T8) 

V  P<1 
Tte  elitffticity  varies  in  the  oise  of  urwriea :  the  more  expanded  an  urterj' 
is  the  iiu'iv  cIiiHtk-  it  ii^  miJ  tliurcforo  a  full  piiUc  travels  more  rapidly  tlian 
one  of  etiuill  cxjiuu»ioii.  The  Ivu^jtli  of  »\K-\i  a  wiive  ^  tiiueof  infli>w  x  rat« 
of  pTopBgiUion.  Ill  l!iu  cjist!  of  tlit  pulst  ihv  funiit-r  i»  ^  **<;.,  llie  latter  is 
fpnm  10  t/i  IS  nietrm  per  w-'C.  TIio  length  of  the  (UlBtaLiuii  iii  the  artvrivs 
wonlH  b*;  3*33  to  G  metnv  if  the  arUTial  BVeteiii  wew  long  enutiijh  to  coutaiu 
a.  wliwli^  Wrtvo,  The  nrterinl  RTflt<>m  is  never  dtiring  life  wholly  rtliei*(id  from 
preasurc,  nnd  is  in  o.  s:*tc  of  jK-mmnf-nt  lliongh  VArinlile  tension  and  dilata- 
tion. Tliw  elasticity  and  w.df-contnw.tiyn  (arterial  ti-ncimi)  uf  tin-  iirl^^riia  are 
opjiowit  ttj  ttie  expiUiirile  int*'rnal  blooti-prcssui^,  niul  at  wicli  iiistimt  tlifJH-  are 
citliyr  e'luul  lo  it  or  are  in  the  u'.t  nf  lominH  into  ecuiilibriuin  will]  it. 

The  form  of  a  simple  pulse-wave. — The  ttuire  abrupt  the 
(liaturhancc,  the  ateeper  will  be  tlio  fmnt  of  tbe  i-esultin;^  puise- 
wave,  and  the  more  abrupt  will  be  the  expansion  of  any  part  of 
the  tube  at  whinli  the  pulae-wavo  nrrivos.  The  greater  the 
elasticity,  the  less  will  ho.  the  height  of  the  wave ;  the  greater  its 
length,  the  gentler  will  be  the  pulse-tise.  The  greater  the 
resistance,  the  more  abrupt  will  be  the  dilatation  and  the  more 
alowly  will  it  disappeaj-. 

Secondary  waves  in  elaatic  tubes. — When  by  a  sudden 
access  iind  sudden  reirn>val  of"  pressure  ti  primary  wave  iu  produced 
in  an  elostie  tube,  the  dietitl  end  of  which  otl'ers  no  resistance  to 
outflow,  the  liquid  is  not  found  on  removal  of  the  pressure  to  stop 
jUBt  when  it  has  rejoined  its  position  of  equilibrium.  In  virtue  of 
iU  inertia,  it  overshoots  that  mark  and  jiaas&s  lieyoml  tbaL  position, 
leaving  the  tube  somewhat  collapsiid  ttelund  it.  The  tube  being 
elastic  regain.s  its  form,  and  thereby  exercises  suction:  a  back-rush 
occurs  which  in  its  turn,  and  for  the  same  reason,  is  again  exces- 
sive ;  and  a  system  of  secondary  waves  is  thus  set  up,  of  which 
usually  only  the  first  is  vcr)*  important. 

The  form  of  the  pbyslolosioal  pulse- wave. —The  pulse-wave 
prvisents  lireL  a  huddt-n  riee,  a  steeii- fronted  primary  wave,  du-ft  to  a  rapid  con- 
tructiun  of  the  venlriide  ;  then  a  evr'n'e  of  i>q<iidi»tntit  ((».'f{iniiiiry  wavtm,  of 
which  tlicre  are  conimonly  two,  wddoni  tJirce,  «nnetinii-n  only  one,  and  wtne- 
tiniM  thiit  one  (Mnpn*)  m  *lrnngly  ntarkid  as  to  ri.scmble  tbe  piimiiiy  wave 
in  heijiht  {"  dicrotic  puW),  a  iVMnlt  Kpi-tially  observeil  when  th«  tension  of 
the  vowoIh  is  aniall  and  their  "  t'oiffiL-ieut  of  elaatitity"  givat.  Between  the 
primarj-  wuvc  and  the  fir&t  eecondory  wave  thciw  in  a  Rtiddrn  i>inktng  and 
recovery  of  preaeurc  which  give  the  a[)pe>ariu)i:i:  of  an  intvrpohitvd  undulation. 
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ThiK  in  (Mf^eiu)  litif  to  the  cnwalion  uf  l\w  ventricular  presmre  nnd  to  the 
folding  W'k  of  tin-  valres  unilvt  the  iatlucQce  of  the  pKMure  in  tlie  clastic 
blood-TWwl  {aorta  or  ptilmonary  art^'iy). 

The  iHstancu  Itetwi^en  the  [niiDary  mid  the  ■ccondory  wavus  mcrcaws  as 
they  travel.  In  arteries  the  higher  ii  wuvc,  tlic  fanSxt  it  traTulfi  :  ihc  primary 
ware  tmvelti  faster  than  tliu  svcoiKlitry.  In  i;:aoutcboiic  ia^Ma,  thi-  cnrffictent 
of  uhutidty  does  not  vary  with  Lhn  dietenaioti  an  it  dofci  in  artorias,  and  there 
is  no  siidi  rt-lalivu  n^tanlation  obscTvcd. 

Reflected  waves  in  elastic  tubes.— If  tlie  tube  be  wide 
down  t"  t!n?  ifriliw  of  outHow,  which  is  itself  narrow,  pouching 
lakes  place  at  the  distal  end  of  the  tube.  Thorn  will  be  a  greater 
or  less  recoil,  which  is  the  greater  tlie  greator  the  elasticity  of  the 
tube ;  and  this  produces  reflected  wavies  in  the  stream :  but  the 
outflow  thi'ough  the  nan-ow  distal  orifice  may  under  such  circum- 
Btanctis  be  5tu|^ularly  uDtfomi. 

The  refleileil  wuve  retumiiig  may  mi'ct  llie  himlpT  pnrt  of  llin  eatae 
oncouiiiig  wave,  ntid  niny  rompliMili-.  iid  iijipfjirancii  with  Rccondar}'  tuidnla- 
tions  (see  Mnn-y,  La  Cireulntion  du  Santf,  1881), 

This  docs  not  wholly  explain  sccondnry  oacillations  of  t}ic  pulae,  hi^cauiw 
the  Mpillary  system  (which  presents  a  wide  chtmnel  for  tlie  onfloiving  «tn-am} 
iloes  not  piiirspnt  l.liis  kitui  ol"  i-eeistaiicc. 

Amount  of  outflow  from  distensible  elastic  tubes. — Murey 
sliowecl  that  wlieu  an  intemiitteiit  inflow  was  di»tribut«d  by  a 
^-tubu  and  divided  between  a  ri<,'id  ami  a  distcn.9ible  ulnstlc  tube 
(the  proximal  ends  of  which  were  provided  with  valvca  to  check 
rofjiirfptatioii,  nnJ  the  distal  orifices  of  which  wtro  TiaiTowed  to 
incrcasB  the  resistance),  the  flow  from  the  disttmaible  lube  was  (if 
ihe  intertnittout  inflow  were  aufficicntly  freipieiit)  not  only  con- 
tinuous, but  also  absolutely  gn.'aier  in  amount  than  that  from  the 
rigid  tube.  Tliis  has  been  explained  as  depemling  on  the  dinnn- 
).ilied  mean  resistance  offered  by  the  widened  tube ;  consequently 
a  ^ven  initial  total-heaJ,  H,  may  have  a  lapjfer  jiroportioii  of  its 
own  amount  devoted  (as  velocity-head)  to  imparting  movement  to 
the  liquid,  though,  as  a  result  of  the  widened  area,  the  actual 
mean  rate  of  How  across  each  unit  of  sectional  area  may  be  less 
than  tliat  in  the  rigid  tube. 

If  the  *3iatcn«ihlc  L-hwltc  vewol  hccumc  rigid,  it  would  be  necesMj-y,  in 
order  to  keep  up  the  same  onflow  in  it,  to  increase  the  driving  power,  t^ypoi^ 
trophy  of  left  ventricle  in  athei-omft.] 

The  I^ergy  of  Liquid  Waves  per  cubic  cm.  is  equal  to 
the  pressure  per  square  cm.  which  is  yxertod  ou  thii  bounding 
surface  in  consequence  of  the  projjagatiou  of  wave-moLiou. 
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Density. — The  8ta.ndarii  of  deuetty  of  gaaea  is,  for  chemical 
purposes,  Hydi'Oj'en  =  1 :  aometiiiies  air  is  takt-n  jis  the  stuiidarJ, 
in  wliicli  case  the  don.'^ity  of  hyib-ogi-M  is  rl'?S9n-  ^^  ^  ^"^ 
most  ])hy8iual  purposes  better  to  adhere  to  the  O.tJ.S.  syatem, 
acconliiiy  to  which  air  has  a  deasity  p  =  ■0012932,  and  hydrofjBU 
a  density  =  -0000895682. 

As  a  rule  the  density  of  a  gas  ia  determiued  by  first  weigh- 
ing a  vessel — a  glass  or  copper  vessel  or  n  collnpseil  indiarubber 
bttg — devoid  of  contents,  and  by  again  weighing  it  when  it  con- 
tains a  known  volume  nf  the  gas  in  question. 

Oompressibility. — The  extent  to  which  a  gas  can  be  com- 
pressed is  indefinite,  provided  tliat  its  temperature  is  above 
Andrews's  critical  point  (p.  207);  it  the  tcmpcratui-e  be  below  this 
point,  compression  may  liquefy  tUo  giis. 

Boyle's  Law,  already  stated,  is  tliat  the  volume  of  a  gas 
and  the  total  pressure  acting  on  it  vary  inversely. 

Float  on  water  a  little  |;las9  bulb,  w]ii<;h  coataias  an  adjuHtuJ  ^juantity 
of  air,  and  Ihe  interior  of  wbicb  ^oiiimmucjiteH  hy  wi  aperlure  with  the 
liiuij  on  whicli  it  tloats ;  if  tlie  prvB^iire  on  ihu  aurraci!  a(  ilm  waUiT  he 
increucd,  wab^ir  pMces  intn  the  bulb  and  comprcitsui  the  cositoincd  air  ;  the 
bull)  ofi  a  whole  becomes  licavicr  and  ainks  (UcicartL's's  Diver). 

la  a  fish  thtt  air  blmMep  act*  diirinf*  mii^culur  relaxation  u  a  float  ; 
during  ajntritcttou  of  the  iniui^uLnr  wiiih  of  the  bladiler  ihf  contained  Air  tit 
coni[ir<-^Hi<i),  the  iiieiui  detiait^  nf  Uiu  wliulc  budy  iit  iiicrca.'u.^d]  mid  the  fuh 
sink*.* 

Manometers  can  be  constructed  so  as  both  toillitstrate  and 
to  apply  Coylc's  law.     If  a  tube  bent  and  gontaiiiing  mercury  as 

*  The  local  conlnctioR  or  o»«  end  of  the  aIt  bladder  raosea  tho  other  nnd  to  act 
aloneai  a  llaal,  the  haod  or  tail  Imidi*  thux  tilted  up  or  donm.  Thv  kIi  bladder  ie  in 
many  casn  too  uear  tho  vettUal  aspect  to  siuUlu  the  flali  iu  its  normal  pndtian  in 
the  wati'i  ;  the  action  of  the  toil  BiUlailu  the  Ush  in  it*  ponition  of  uiiatablo  tqm- 
librium  Lhruughout  thn  whole  period  of  Urti. 
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shown  in  Fig.  Ill,  and  cncTosiDg  a  certain  volumo  of  air  within 
the  space  AB,  be  exposed  to  an  additional  pressure  actin;^  llirough 

C,  that  additional  prcs- 
^iB-"i-  sure  will  be  partly  spent 

in  sustaining  the  weight 
of  the  column  EI*"  of 
mercury  raised  in  the 
tube.partly  in  maintain- 
ing a  compression  of  tUe 
air  AB  within  the  space 
FB.  By  preliminaiy 
graduatiuu  such  an  in- 
titriiment  may  be  made 
to  act  as  a  manometer, 
and  may  bo  added  to 
those  of  Fig.  105. 

Boyl^R  Lrw  is  Bomewhut  departed  irom  by  oxygen,  carbonir.  oxide, 
nitrogfto,  dir,  byclro^'en,  wliow  bulk  nt  iDrreiifin^  pre»iurvR  ist  grtiLter  than 
that  law  WDuM  innUiMlc  ;  while  AiiliiliuroiiB  aciil,  corUititc  n«id,  itud  otlter 
eamly  condenaibk'  ^m  flbrtnk  in  volume  moru  rapidly  wbi-u  c\poKd  to 
inoderatt^ly-incivaaiTii^  prcMiirPB  thim  the  amount  of  prcE<urr!  alone  woald 
lead  u»  to  exp^ict ;  the  tntter  gaseji  presGntinf^  very  curious  ahi-rrations  wLeti 
extremely  bigh  prtyBur** — brirgitif^  thu  }pis  to  tbe  wq^v  of  lic|ttcfacliua — 
or  extremely  low  ones  are  «pplied. 

The  Tendency    of  Gasea   to   Indefinite  Expansiou   ia 

utilised  in  the  Air-pump.      The  primitive  type  of  an  air-pump 

is  a  cylinder,  provided   with  a  piston  in  which  there  is  a  valve 

A  (Fig.  112),  openinji  outwards.    The  cylinder  itself  is  connected 

P,,  „,_  with  C,  the  vessel  to  be 

^  ,-'''      "'\     exhausted,   hy   a   tube 

/  \    closed  by  the  valve  B, 

ivpening  into  the  cylin- 
der. Suppose  the  pis- 
'•- — ''  ton  drawn  out:  the  air 
within  C  and  the  coniiectinj,'  tube  BC  expands,  thrusts  aaide 
the  valve  at  B,  and  fills  the  whale  space  open  to  it — that  is, 
the  cylinder,  the  tube,  and  the  vesael  C.  The  piston  returns : 
the  valve  B  closes  and  the  valve  A  opens,  because  the  air 
between  A  and  B  is  compressed :  the  air  in  AB  is  driven  out 
through  A.  By  repeating  this  process  often  enough  the  air  in  C 
is  greatly  reduced  in  quantity  and  becomes  of  correspondingly 
small  density.     This  simple  form  of  air-pump  is  liable  to  two 
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objectious: — (1)  It  is  tedious  to  pull  the  piston  against  an 
exterual  pressure  ■which  each  time  bccouioa  mora  ouil  nearly 
equal  to  the  eatiie  atmospheric  pressure  of  1  r>  lbs.  pci-  sfpiaio 
inch  as  the  space  between  A  and  C  becomes  more  nearly  a 
vacuum;  and  (2)  After  a  pertain  number  of  stn^kes  tlie  expan- 
sion of  the  air  in  0  fail»  to  lift  the  vuIvk  K.  The  latt^tr  objec- 
tion may  be  obviated  by  causing  the  piston  itself  to  lift  the 
valve;  the  former  Is  rondenul  lesR  serious  by  connecting  with 
the  cavity  G  two  such  cylindt-rs,  and  so  arranging  matters  that 
whea  the  one  piston  is  being  diiven  home  the  other  la  being 
drawn  out;  the  whole  being  driven  by  a  large  and  heavy  wheel. 
Not  only  is  a  smaller  force  enabled  by  the  leverage  thus  gained 
to  resist  a  great  pressitrc.  but  the  inertia  of  the  flywheel  renders 
the  action  less  paitiful,  because  more  wjuiLble. 

Bprengel's  Air-pomp  in  its  simplest  form  consists  of  a 
long  tube  AB.  l'"ig.  113,  provided 
with  a  side-branch  EF,  wliich  com- 
municatea  with  a  vessel  C,  the  vessel 
to  be  exhausted.  At  the  upper  end 
of  the  tube  AB  is  D,  a  supply  ciatoru 
of  boiled  nierctiry,  which  ig  allowed 
to  fall  down  AB.  As  it  passes  EK 
the  mercury  entangles  molccyiles  of 
the  expansive  gas  in  EFC,  and  these 
are  continuously  removed  by  the  fall- 
ing stream  and  escape  in  bubbles 
ntU 
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If  the  lower  end  of  the  lube  AB  bo  Iwiit  upwar^iR,  a  vcmcI  filled  with 
itiprtury  mny  hv  invi-rtect  over  the  tiptumed  end,  lun!  aa  the  gas  iHiues  at  B 
it  am  take  Llie  flnce  of  tlie  mnrcnry  in  thnt  vesbt-l ;  tlie  SyrcH^el  pwiup 
may  thiw  be  uscA  as  a  means  (if  tnuiafL-rring  »iin,ll  ijuautiUui)  uT  gas  IJ-oui  emu 
vmkI  Iro  another. 

When  the  vacuum  in  C  is  tolerably  cniuplete,  the  mereurj' 
falls  as  a  continuous  mass,  containing  nn  bubbles. 

The  solubility  of  solids  in  ga^es  has  been  alreiuly  referred  to, 
p.  207.  The  Absorption  of  Oases  by  solids  is  soinetimes  a 
true  solution,  as  in  the  case  of  the  alloy  of  metallic  hydrogen  • 
with  palladium.  Tliis  is  prwluced  by  evolving  hydrogen  from  a 
palladium  electrode  in  the  electwlysis  of  water  (p.  590) ;  or  by 
heating  a  piece  of  ]jaUadium  tw  xtuico,  and  allowing  it  to  cool  in 

'  Thia  iMinw    ((Jmham,   I'hj/neat   and   CKanicat  Suaanha)    to  bt-  i'   wiuUt 
maf^netic  tnotal  of  density  1  '&5. 
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an  fttmoaplicre  f>f  hydrogen ;  or  even  by  }ieatmg  it  in  a  tube 
throngh  which  a  current  of  hydro^rou  paaacs,  nnd  allowing  it  to 
cool  in  that  gaa.  The  same  kind  of  colloid  solution  is  exempli- 
fied by  the  alloys  of  iron  and  hydrogen,  or  of  platinum  and 
hydrogen ;  or,  again,  by  the  carbonic  oxide,  which  (to  the  extent 
of  4*15  vols.)  is  retained  on  cooling  by  cast-iron,  or  the  carbonic 
dioxide,  of  which  a  half-per-cent  volume  may  be  retained  by 
iudiarubber. 

Such  absorptkou  may,  on  the  other  hand,  be  due  to  snrfaoe 
attraction  and  condensation  witliiu  the  |]ores  of  the  solid, — 
as  in  the  case  of  animal  charcoal,  which  can  absorb  so  much 
oxygen  or  so  much  auitnoniii,  Llial  thuse  gases  must  even  be  liquefietl 
within  its  pores,  or  which  can  absorb  both  oxygen  and  osidisable 
gases,  and  bring  tliem  into  such  close  molecular  relations  that 
they  combine,  as  in  charcoal  respirators ;  or  in  tlie  coao  of 
platinum -black,  which,  if  surrounded  by  a  mixture  of  oxygen  and 
hydrogen,  ab9orl>3  both  gasps  and  brings  their  moleculos  into  non- 
tact  ao  dose  that  thi>y  combine,  and  do  so  with  evolution  of  heat 
so  great  as  to  cause  the  platinum  to  become  incandescent,  and 
to  ignite  the  remainder  of  the  gas,  as  in  Bdbereiner's  Hydrogen 
Lamp. 

Chemical  affinity  may  also  promote  the  absorption  of  a  gas 
by  a  solid.  If  a  diyli  containing  spirit  of  wine  be  suRjiended 
over  t^uickliuie  within  a  confined  space,  the  mixed  vapours  of 
alcohol  and  of  water,  which  pass  by  evaporation  into  the  space 
above  the  quicklime,  are  discruninnted  by  it:  the  water  is  ab- 
sorbed, the  iilcuhol  not;  more  water,  but  not  more  alcohol,  is 
evaporated  from  the  spirit  of  wine,  and  is  ngiiin  absorbed  by  the 
quicklime.  The  rc»uU  is  d<>hydration  of  the  spirit,  which  may 
proceed  to  an  extreme  degi-ee. 

Where  a  gas  is  dissolved  freely  by  a  solid,  that  gas  may 
freely  traverse  that  solid.  Thus  hydrogen  leaks  freely  through 
a  white-hot  palladium  tube;  so  does  carbonic  o.\ide  through 
iron  ;*  80  do  carbonic  acid  and  uiarsh  gas  and  coal  gaa  in  small 
quantities  through  indiarubber.  The  solids  in  which  this  effect 
is  ohservable  are  as  a  rule  colloid,  or  (like  nou-cryatalliue  onetaU) 
resemble  colloids,  and  they  behave  towards  gas  just  as  liquid 
films  di>. 

A  BolutioQ  of  a  gas  iu  a  Liquid  is  a  mixture  of  two  liquid* 

*  Cut-iroQ  atavaa  wliuii  rod-hul  allow  cdrlionic  oxiilt  to  ea^'jipn  into  tlic  air  vt  • 
Nom  ;  ciu'bualu  uxidu  iu  bmall  <{uautiiiu«  tlvstrgyii  the  md  blood  corpuiwlM  and  pro- 
duce! aniuiDU. 
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— the  dissolving  liquid  itself  and  the  liquefied  gas..  Tlie  moru 
readily  a  gas  cau  be  liqxiefied,  the  more  freely  will  it  ia  general 
form  such  a  mixture,  and  the  greater  will  be  its  solubihty. 

According  to  Prof.  Henry,  carbouiu  dioxide,  oxygen,  nitro- 
gen, and  8ome  other  gases,  are  dissolved  in  the  exact  ratios 
af  the  pressures  under  which  they  are  exposed  to  the  surfaeo  of 
the  liquid ;  at  five  atmospheres  prcssuro  five  times  as  much 
cotbooic  acid  by  weight  can  bo  dissolved  in  water  as  can  be 
dissolved  itt  one  atmospliero.  The  votmiie  of  each  gas  dissolved  by 
a  given  ((uantity  of  water  at  a  given  cempcmture  is  thus  always 
the  same.  Heiir)'*fl  law  cannot  be  stated  as  a  universal  one  with 
{«|gard  tJj  iiuinerieal  accuracy,  though  it  is  approximately  adhered 
to  by  all  gases. 

Wlien  a  mixture  of  gases  is  exposed  to  a  liquid, each  gas  is 

dissolved  inde|>endontIy  of  the  rest :  each  ia  dissolved  (if  Henry's 

law  be  obeyed)  iu  proportion  to  the  partial  pressure  exerted  by 

it.     Thus,  if  wattjr  be  exposed  to  air  at  the  pressure  of  76  cm.  of 

20-9 
mercury,  the  total  pressure  is  made  up  of  -—  x  Tfi  —  15'884 

cm.  pressure  <Uie  to  oxygeu,  and     -— -  x   7fi  =  60'116   cm. 

preafiure  due  to  nitrogen.  The  coefficient  of  absorption  (».«., 
the  volume  of  gas  dissolved  by  1  vol.  cif  water)  of  oxygen  at  1 0°  C. 
is  '03250  ;  that  of  nitrogen  is  •OlSO?  ;  hotli  at  the  pressure  of 
76  cm.  Hg.  It  happens  that  Henry's  law  applies  to  both  these 
gases.      Thus   the   volume    of   oxygen   dissolved    by   1    vol.   of 

■water  is  -^-r—   x    O^jariO  =  •0067925  vol.;  that  of  nitrogen 


ia 


60-116 
76 
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X    01607  =    0127114   vol.      Hence  the  air  dis- 


solved in  water— that  which  subserves  the  respiration  of  fislies — 
contains  oxygen  and  nitrogen  in  the  ratio  of  "0007921")  to 
"0127114,  or,  in  pereentageji.  3482  oxygen  to  65*18  nitrogen. 

The  sohibility  uf  gusea  in  litptids  not  only  diminishes  with 
diminislied  pressure,  butalso  with  increased  tuuiperature.  The  ga.^es 
dissolved  iu  a  liquid  may,  if  they  form  with  it  a  simple  solution. — 
as  an  aqueous  solution  of  ammonia, — \ni  entirely  removed  citlier 
by  diminution  of  pressure  or  by  increase  of  temiiemture.  In 
some  ca.<tes  there  i.^  a  chemical  union  between  the  giu  and  the 
li(|iiid,  or  some  eonsUtnent  of  it.  Tims  a  solution  of  hydro- 
chloric-acid gas,  when  heate<l,  first  loses  some  gaseous  IICI, 
and  then  boils  over  as  a  whole :  a  solution  of  bicarbonate  of 
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ioda,  when  the  pressure  i»  greatly  roductxi,  somewhat  suddenly 
loses  half  its  carboDic  acid:  blood,  when  tlio  pressure  is  gradu- 
ally dtminislied,  first  losiis  tlie  carbonic  acid  and  tlie  oxygeii 
wliicli  it  hulds  in  sinipla  mjliitioii,  hiiJ  then,  fit  ii  very  low  pres- 
sure, those  qiiautities  of  these  gases  which  it.  holds  in  feeble 
chemical  combination  are  suddenly  given  off. 

A  gas  will  traveiae  a  liquid  diaphragm  with  great  rapidity 
if  it  be  soluble  in  it :  it  ia  dissolved,  diffuses,  and  emerges  on  the 
other  side.  A  soap  bubble  or  a  wet  bladder,  containing  hydrogen 
and  surrounded  by  carbonic  acid,  altsorbs  the  latter  gas  and 
enlarges  in  size,  although,  as  we  shall  see.  hydrogen  tods 
with  the  j^eater  speed  through  dry  or  indifferent  uieiubraaes, 
aud  a  dry  bladdei-  under  similar  circumstances  would  collapse. 

Diffusion  of  Gases. — Two  gases  in  vessels  between  wliicb 
a  free  coiumuuicatiou  ia  estaljlislicd  are  found  to  mix  freely,  and 
if  suflicit^nt  time  be  atiowud  tlie  mixture  will  becouie  uniform 
throughout.  Tlie  rate  of  difl'usiou  is  somewhat  rapid.  Pan 
carbonic  acid  and  air  placed  iu  communication  will  diffuse  at 
Buch  a  rate  that  the  air  at  a  distance  of  half-a-metro  will  be 
found  in  seven  minutes  to  contain  one  per  cent  of  carbonic 
acid :  hydrogen  will  similarly  travel  a  third  of  a  metro  in  one 
minute  (Graliam).  The  lighter  the  gas  tlie  more  rapidly  doe« 
it  travel. 

Thin  pnioesa  ia  molecnlAr,  and  solid  parttclci:*  flnatiiif;  in  either  goa  rcnuitL 
practically  at  rest ;  and  thus  mere  ditfuAion  ta  not  sufficient  for  purpoaea  of 
ventilation. 

Iu  till!  lungH  clitfuniun  carrier  air  out  of  the  air-celU  and  oiygen  inU) 
them  ;  the  uxygen  itnda  to  travel  more  rapidly  inwanii^  and  lieiiua  thvn  ia 
a  BiiiuU  force  ttrnding  to  dilate  Lh«  air'-celli*  (Qmhaiii), 

Effusion. — When  gns  is  caused  to  flow  through  apertures, 
such  a3  pinliolea  in  membranes,  the  law  of  Torricelli  is  obeyed, 
and  the  velocity  of  outflow  v  =  '^2;^H.  Air  rushing  through 
such  an  aperture  into  a  vacuum  will  do  so  oa  if  the  atmos- 
phere consisted  of  a  uniform  layer  of  fluids  of  uniform  dcnai^ 
=  ■0012032,  and  throughout  which  ff  is  constant,  all  at  the 
freezing  temperature  and  at  the  pri)ssure  of  76  era.  of  mercury ; 
the  layer  having  a  depth  H  of  790020  cm.  (nearly  5  miles). 
Then  r  =  ^2^  =  ^^2x081  x  790,020  =  39^20-3  cm.  per 
second. 

In  (Hirerpiit  gMO*  at  tbe  wiiim  prcssiin:  lliu  htiight  H  will  vary  inrendy 
Bs  their  dnnsitioa  ;   thu  guscs  will  thcTefurc  paaa  throngh  apcrltma  with 
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Tclocitirai  invor«eIy  proportional  to  the  square  roots  of  Ibeir  iluUDiUes. 
Thus  oxygen  and  liyilrogen  whota  densities  ar«  16:1,  will  huvu  offliuion- 

Telocttioa     -t==      —^  ;  i.a,,  I  :  4  at  Uie  miuc  temiKnitun)  and  prosBure. 
V  16  ;    yl 

Tn  any  gu)  tha   velocity  of  outflow   b    not    affected    Ipy  change*  of 

presaiLFe  or  of  Lumpemture.     H  ia  pro]iortional  to  liitt  prenuro  ;  it  aUo  varies 

inyenwiy  w  the  density  ;  H  =   :^.     If  the  pre*BUi«  be  increased,  Boyle's  law 

P 

BhawB  that  the  density  ii  increased  in  the  same  ratio ;  hence  -^   ia    ecu* 

Etant.  Wherefore  H  is  constant,  and  v  =  v2gll  ;  the  effosion-Telocity  of 
each  g3B  is  constant  under  all  circumstances  of  pressure,  and,  as  may  easily 
be  proved,  of  tenipcmturt'. ;  and  the  normal  rate  of  outflow  of  ditferuut  gases 
depends  only  im  thu  uaturc  of  tlic  gruwji.  Perturbationn  ore,  liowcver,  pro- 
dticud  hy  variiitioiis  in  Lhe  visco-iiy  of  diffiirent  gnwa  at  different  t^-'iuporbturvs, 
vhich  canw  slight  departures  from  tbiA  law. 

This  phenomenott  of  outflow  or  effusioa  is  one  of  masses,  and 
in  it  giutis  act  as  fluids  pracUcoIly  continuotis. 

U  a  gas  be  driven  under  pressure  through  a  subatanco 
which  is  porous,  but  whose  pores  ara  too  small  to  allow  the 
mass  to  travei-sc  it  without  great  niaistaiice,  the  I'KSult  ifl  tlie 
transpiration  of  tlie  gas,  a  slow  flow  under  resiatanc'e.  Trans- 
piration may  be  studied  by  driving  gases  through  long  capillary 
tubes,  or  even  thraugh  tiibes  which  are  not  capillary,  provided 
that  their  length  so  far  (4000  : 1)  exceeds  their  diameter  that 
conaidcmble  resistance  is  offered  to  the  onflow  of  the  gas.  It 
is  found  that  in  each  case  the  gas  moves  with  a  velocity 
which  is  proportional  to  the  pressure,  but  which  ia  also  found 
to  vary  inversely  as  the  length,  directly  as  the  density 
of  the  gas  (a  suigular  result),  and    furtliec,  to    depend  on  a 

constant,  the  coefficient  of  transpiratiou.      V  =  k  ^.     A 

t 

film  of  gas  adheres  to  the  sides  of  the  tube,  and  the  gaa  flows 
in  an  axial  stream  in  each  chauneL 


'Hit  c'wfficloiit  of  tmn«|)i ration  [wcnliiir  to  each  fpa  in  a  very  isolated 
factor,  and  dtiwi  n«t  «cfni  lo  hnvr  any  iril«llii;ible  rf?I.itiira  to  the  other  pro- 
perties of  Ra***.  The  trail)!  pi  ration  wn'fficteiits  of  nitrogen,  of  uitlic  oxide,  of 
carbonic  acid,  are  double  that  of  hydrogen  :  those  of  ether  and  of  hydrogen. 
are  the  same  :  those  of  oxygen  and  iutro;^n  nre  rvlut^-d  tu  uuo  uuuther  in  the 
ratio  14  :  lf>,  so  that  equal  tiiiioa  arc  takeu  by  equal  masacj  of  these  ga«ea  to 
paw  through  lung  ur  (pupillary  tulR'& 

If  u  {:■»»  b^^  biiaU-d  il  will  bccymw  Hj;hter.  and  ita  tnnspiratioti-ratn  will  1«! 
la— mail :  if  fh«  harometric  preattire  rise  it  will  be  coinprcflaed,  and  its  tran- 
spiratiuD-rale  will  hu  incrooaod. 
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Membrane-DiEhision. — Gaacs  placed  an  oppoaite  aides  of  an 
indiirtrciil  nit.-iuliiane,  ami  exposed  neither  to  tlio  inflnoncc  of  a 
dilTerence  of  prtsHUi-us  nor  to  tliat  of  a  difference  of  solubilities  in 
the  material  of  which  tlie  iiiembrano  is  composed,  will  pass  throogh 
it  in  virtue  of  their  own  molecular  motion. 

The  velocity  with  which  hydrogen  and  oxygen,  separated  by 
a  partition  of  plasler-of- Paris,  or  graphite,  or  biscuitware,  will 
traverse  that  partition  is  exceedingly  small  in  comparison  with 
the  rate  of  effusion  through  a  relatively  large  aperture  into  u 
vacuum ;  but  it  is  found  to  be  proportional  to  the  mean  velocity 
of  the  molecules  in  the  gas. 

Wo  bave  already  shown  (p.  222)  that  the  mean  velocity  of  the 
particles  of  any  gas  ts  inversely  proportional  to  the  square  root  of 
the  density  of  ttiat  gus ;  and  hence  the  ratn  of  diffusion  of  any 
(•08  through  an  indifferent  membrane  is  inversely  pi-oportional  to 
the  square  root  of  the  density  of  that  gas. 

A  dry  bladder  lilled  with  hydrogen  ami  suiT^iunded  by  oxygen 
will  partially  cdllapae,  for  hydrogen  leaves  it  fuur  times  as  fast  as 
oxygen  enters  it. 

Tliis  difference  of  diffusion -rates  may  lie  made  to  effect  a 
partial  separation  of  gases.  If  tt  long  porous  tube  be  fitted  so 
as  to  pass  through  a  vacuum  or  a  neutral  gas,  and  if  a  mixture  of 
gases  be  passed  tlirougli  the  porous  tube,  the  components  of  that 
mixture  will  escape  through  the  walls  of  the  porous  lube  in  unequal^ 
proportions.  If  tlie  vapour  of  chloride  of  ammonium  be  passed 
through  such  a  tube,  the  hydrochloric  acid  (density  =  1825  when 
U=  1)  and  auunouia  (density  =  So)  into  wliieh  the  chloride  is  dis- 

.1  J 

sociated  by  heat  pass  through  in  the  ratio  of to      —  : 

■^  '  "  ^/l»■a5  V8*0 

the  ammonia  therefore  passes  through  in  excess,  and  litmus  paper 
placed  in  tlie  neigh botirtmod  of  t!ie  porous  tube  will  indicate  an 
alkaliue  reaction. 

A  gas  niay  pass  through  the  pores  of  a  solid  by  liquefaction 
In  those  pores;  sul[)hurouB  acid  may  pass  through  charcoal  and 
evaporate  on  the  further  side, 

Division  of  Qases  from  Liqnids. — If  a  layer  of  liquid  chai:ged 
with  gas  bi-  phiced  upon  one  fii^o  f^iin  gn.s,  the  gas  rapidly  per- 
meates the  whole  liquid.  If  the  two  layers  be  separated  by  a 
membrane  welted  by  both,  the  diflusion  is  rapid.  If  the  two 
layers,  thus  separutud  by  a  thin  membrane,  be  in  a  state  of  rela- 
tive motion,  tho  diffusion-rate  may  bo  accelerated  if  the  velocities 
be  not  too  great.     If  two  streams  so  separated  move  in  opposite 
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directions  they  may  completely  exchaoge  gases ;  for  suppose  two 
such  streams  to  be  charged,  as  they  arrive  at  the  opposite  ends  o£ 
a  certain  tract  of  vessel,  with  gases  A  and  B :  then  throughout 
the  whole  of  that  part  of  their  course  during  which  they  are  con- 
tiguous, the  A-charged  stream  passes  and  diffuses  A  into  a  stream 
which  is  at  every  point  poorer  in  A  than  it  itself  is  at  the  same 
l>oiiit ;  and  vice  versd :  so  that,  if  the  course  be  long  enough,  the 
A-cliarged  stream  may  lose  all  its  A,  and  the  B-charged  stream  all 
its  B. 

The  Statics  of  Qases. — A  gas  always  fills  the  whole  space 
within  which  it  is  contained.  There  is  no  difference  in  respect  of 
statical  theorem  between  a  gas  and  a  liquid  which  also  iills  the  whole 
space  within  which  it  is  contained.  Pascal's  principle,  that  of  the 
so-called  Transraissibility  of  Pressure,  that  of  the  perpendicularity 
of  the  pressure  exerted  by  a  fluid  upon  its  bounding  surface — 
all  these  apply  equally  to  all  fluids :  so  do  the  principle  of  the 
Hydraulic  Press  and  that  known  as  Archimedes's  Principle. 

The  last  must  be  kept  in  mind  when  accuracy  ia  required  in  weighing. 
A  piece  of  hrasa  of  density  8  and  weighing  1  kilo,  in  vacuo  occupies  12&  cub. 
cm.  (^  the  bulk  of  an  equal  masa  of  water).  It  apparently  loaes  when  weighed 
ill  air  the  weight  of  125  cub.  cm.  of  air ;  that  is,  125  x '00129366  grammes 
=  '1617  gramme.  The  substance  to  be  weighed  also  loses  weight,  but  if  it 
displace  more  air  than  the  counterpoising  mass  of  brass  does,  it  loses  more 
than  the  brass  does,  and  an  inaccurately  lai^  quantity  of  it  has  to  be  used  to 
,counter}>oi9e  the  metallic  kilogramme. 

Balloonx  and  soap  bubbles  containing  coal  gas  or  hydrc^en  rise  in  the  air  ; 

bulk  for  bulk  they  ore  lighter  than  air.     The  lighter  they  are,  the  more 

rapidly  they  ascend  ;  and  they  can  be  loaded  till  they  weigh  bulk  for  bulk 

the  same  as  the  air  in  which  they  float.      If  a  balloon  with  its  contained  gas 

weigh  100  lbs.,  and  the  bulk  of  air  displaced  by  it  weigh  120  lbs.,  the  balloon 

vQl  rise  with  an  ascensional  force  equal  to  the  weight  of  20Iba.  applied  to  a 

'                                                                                                 20 
mass  of  100  ;  its  upward  acceleration  will  be  equal  to  ^  x =  \g. 

The  pressure  on  the  walls  of  a  closed  vessel  containing  gas  is 
greater  the  lower  the  level  at  which  it  is  measured :  the  law  is 
exactly  the  same  for  gases  as  for  liquids.  The  effect  is  seldom 
perceptible,  because  within  vessels  of  ordinary  size  the  mere  weight 
of  the  gas  adds  little  to  the  atmospheric  or  other  pressure  acting. 

"With  vessels  of  ordinary  dimensions  a  manometer  applied 
laterally  at  any  part  will  indicate  the  internal  pressure ;  strictly 
speaking,  in  gases,  as  in  liquids,  it  indicates  only  the  pressure  at 
the  horizontal  level  of  the  orifice  of  communication  between  the 
manometer  and  the  vessel. 

Streams  of  Qas. — The  statements  made  in  the  discussion  of 
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atreamg  of  liquid  in  Chap,  xl  apply  also  to  streams  of  gna.  The 
Law  of  Continuity,  Toiricelli's  Law,  the  diatinction  between 
Velocity-head  and  Pressure-head,  the  gradual  disappearance  of  the 
latter,  coupled  with  the  simultaneous  heating  of  the  6Qwing  fluid, 
the  lateral  I'ressure  in  a  inaiu  pipe,  aud  the  propulsion  of  the 
fluid  up  ]nti'Mimil(3r  tube^  or  througli  luteruL  uritiuas, — all  those 
apply  to  gaseous  as  well  as  to  liquid  streams. 

In  calcolations  boeed  ott  TorriccUi'd  Law  it  \»  necessary  to  find  H.  H 
the  height  of  that  column  of  tbc  cmtilowing  fluid  which  wuiilit.  if  acting* 
alunc,  produce  a  prcecmru  etptul  tu  thiit  aotiiiLlly  u»<l(;r<,'uiK-  1i,v  the-  fluid  But  in 
motion.  If  the  gua  iasuu  fruiii  a  viutsL'l  in  which  the  prcs^uru  is  such  as  to 
■upport  a  luunujueiric  column  of,  fay,  ii  cm.  H;^  in  lulditinn  to  tli«  attno- 
Bphcric  prBasure  ;  and  if  the  atiiioaplicrii;  prensure  at  tho  tiniA,  as  Ahnwn  by 
the  Ijnrometer,  be  "(i  cm.  Hg  :  the  Uitii.1  |ipe-«un-  un  ihc  j^n»  in,  f»r  wicH  ttqunrt; 
Ctn.  of  its  liouitdii)^  siirriK'i-,  c'[tml  Ui  lh>:  wi-i^tit  iif  a.  coliiiiin  of  iiii.-r<;iirj  whose 
conU-iit  is  lOU  (=784-ii4)  cub,  cid,  Tliis  ■■  i'(|uivalfiit  to  the  weifiht  of 
1359(5  cnl).  ciu.  of  water.  If  the  tlensity  of  the  Ras  be  ^  J^  that  of  Mraler,  the 
preMiire  is  &\nal  to  the  wei};ht  of  800  x  13590=  1,087,080  cub.  atu  of  that 
gas,  the  sani«  hoa  aa  is  driven  oiU  in  u.  jet.  This  column,  staiidiog  on  a  »({.  cm. 
how,  i)  1,087,080  cm.  high.  Hvtiue,  for  the  giw  ia  quutftion,  H  -  l,097,6SO  ; 
utd  the  vvLouity  of  thut  ^lut,  nmhiug  intu  a  vacuum  imdor  a  Lotal  pn»- 
eurc  of  100  cm.  Ug  (a»  lun{(  us  tlic:  pn^^gim  is  uminUuii>i;d  at  that  value),  is 
V  =  K^igU  =  \/2  X  981  X  1,087,680  in  cms.  ptr  wcnnd  ;  while  into  the 
atmosphom  it  would  run  with  a  velocity  ^/i  x  9S1  x  (SOU  x  I3'.'i9U  x  24), 
duw  1*1  the  (lilTcn-ncf  {24  cm.  Hg)  hi^twnin  the  inlrrnkl  and  f-xtemal  pnawupes. 

BecoU. — When  a  stream  of  gas  issues  from  a  Jet  or  burner, 
tlie  rvuutioii  is  e^ual  to  the  actiou,  and  thetti  is  a  tendency  for  the 
buruer  itseU  to  move  backwanls.  Tiiis  l^-'ihlency  we  see  turned 
to  account  in  ccrtaiu  revolving  shop-window  gas- illumi nations. 

Viscoaity. — The  viacoaity  o£  gases,  which  is  due  to  diffusion, 
is  on  the  whole  similar  in  its  results  to  that  of  liquids.  We  have 
.already  seen  its  influence  in  transpiration. 

A  stream  of  air,  driven  throuj^h  air,  soon  comes  to  rest.  If 
it  have  a  great  velocity  it  can  cut  its  way  through  air  to  a  greater 
distance  than  a  slower  stream  can. 

If  a  Htrvam  of  air  be  introduced  into  a  nxiia  ibruugh  a  ruiiiiul-shupcd 

apertuiT?,  the  Iti'iiail  mouth  of  the  funnel  being  opn]i  to  thu  esturaii.1  iiir,  it  will 
enter  the  room  through  ihe  nnrrflw  nrifioe  with  gnat  velocity,  and  will  pn&s 
a  citneiilcrahic  di«tunce  (lii-inj,'  ncuti-I_v  ftdt  iw  a  ilninght),  till  at  length  the 
procosK  of  dtSuaion  bttweta  it  an<l  Uu-  eurToiindint;  air  relieves  it  of  it« 
moinentuin.  If,  on  the  other  haml,  the  narrow  end  of  the  funnel  Uc  pre- 
wnted  to  the  exterior  air,  the  stream  a»  it  cntvra  will  (oheyinf^  the  Law  of 
Ccmtimiitj)  widi-n  imt  in  accordance  with  th«'  ftlanpu  of  llie  funnel,  iuid  it« 
Telocity  will  1m.!  ]mi|>iirtiuii)ilely  diminiftlicd  ;  the  n'uidl  ln-infj  that  a  ctmaider- 
sVle  amount  4'f  air  tii»y,  thn)ii;.;h  vi'iilihttom  of  Huch  n.  form,  be  iutrodac«d 
into  a  room  without  producin){  a  ]ieri»pLible  dmuj^UL. 
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All  nl)jeclB  Aiirrouiided  by  air  bear  on  their  surface  an  adherent 
film  of  air.  WImn  a  Ijody  moves  in.  air,  this  film  rubs  against 
contiguous  layers  uf  air,  and  the  movement  of  the  body  Ls  retarded 
by  internal  friction  in  the  air.  Hangliton  and  Emeraon  Reynolds 
found  that  n  granite  ball  suspended  in  the  air,  and  swung  peadulum- 
fashion,  suffered,  on  each  successive  swing,  a  diminutioQ  of  ampli- 
tude of  ■^■j^g-j  'lu'^  ^  ^hU  eaiiso. 

TliG  frii^tion  witliio  n  ^  in  iaclejiontlcnt  uf  ila  dciuiC}',  but  iacrcaAoa  vith 
lU  tem]wramrB.     (Clert  Maxwell,  Phil.  TVoiu.  1866). 

A  body  falling  in  vacuo  is  not  retarded,  and  falls  with  au 
accelecatiou  fully  equal  to  y ;  foiling  through  air,  it  is  retarded 
because  the  viscosity  {)r  the  air  causes  friction,  A  thick  [liece  of 
giild  and  a  iiiece  uf  paper  fall  in.  i^acm  at  tlie  same  rate :  through  air 
the  gold  Falls  mora  rapidly,  because  it  presents  leas  surface  in  pro- 
portion to  its  weight :  but  even  through  air  a  piece  of  amootli 
paper  and  a  piece  of  gold  leaf  presenting  t}ie  aarao  total  surface 
and  the  same  weight,  or  bearing  the  same  proportion  between  its 
surface  and  its  weight,  will  fall  si<te  by  side. 

Falling  water  is  retarded  by  the  air;  and  conversely,  air  is 
dragged  down  by  failing  water.  If  a  stream  of  water  be  made  to 
fall  through  a  cluaed  cavity.  Lhu  water  will  dmg  dywn  with  it  a 
cousideiablu  vulumu  of  air ;  and  if  a  lateral  com  muni  cation  be 
established  between  this  cavity  and  a  vessel  containing  air,  much 
of  the  air  in  that  vessel  may  be  extracted.  If  a  stream  of  air  or 
steam  be  maintained  through  a  cavity,  it  is  not  only  itself  retarded, 
but  the  surnjun<ling  air  is  dragged  with  it,  and  tlie  pressure  in  the 
cavity  is  diminished. 

This  action,  due  to  viscosity,  is  independent  of  the  general 
dimiDution  of  pressure  experienced  by  fluids  in  motion.  A 
vibrating  tuning-fork  brought  near  a  suspended  pith-ball  seems 
U»  attract  it ;  the  air  between  the  objects  vibrates,  the  pressure 
is  lessened,  and  the  exterior  atmospheric  pressure  urges  the  ball 
against  the  tuning-fork. 

Measurement  of  Flow. — The  amount  of  flow  of  gas  through 
pipes  may  bo  measured  on  the  same  principles  as  the  amount  of 
flow  lit  li(]utds. 

(a)  The  amount  of  gas  actually  passed  may  be  collected 
and  measured.  It  may  be  adlecled  in  a  balanced  bell-jar, 
inverted  over  water  like  a  small  gasometer  (Hutchison's  Spiro- 
meter), or  in  a  very  large  and  thin  flexible  caoutchouc  bag 
(Boudiit). 
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(6)   It  may  be  niaile  to  drive  a  registering  train  of  wheelwork, 
like  a  gfts-inel«r,  as  in  Bonnet's  pnuumnto meter. 

(c)  Tii6  principle  of  the  hydrostatic  pendulum  or 

(d)  that  of  Pilot's  tul>e8  may  he  employed. 


The  Pkbbsure  of  the  Atmosphbbe. 

Most  of  our  exiJtrinieuts  and  olservalioiis  are  complicated  or 
affected  by  the  fact  tliat  wu  live  at  the  bottom  of  au  atuidspheric 
ocean  which  exerts  pressure  upon  every  surface  exposed  to  it, 
and  which  penetrates  even  into  the  recessea  of  everything  porous, 
and  there  also  exerts  pressure,  unless  special  appliances  he  made 
use  of  in  order  to  remove  it  wholly  or  in  jmrt.  We  live  at  the 
bottom  of  such  an  atmogpherc  without  inconvenience,  just  as 
ileep-3ea  fishes  live  at  the  bottom  of  the  ocean :  as  long  as  they 
are  in  their  hnbitni,  the  internal  pressure  of  the  gases  contained 
and  dissolved  in  their  organisms  is  equal  to  and  is  in  equilibrium 
with  the  immense  external  pressure  exerted  by  the  surroundinjt 
water ;  but  when  they  are  brought  towards  the  surface,  the  e-vternal 
pressure  becouiiiig  greatly  less,  the  gases  contained  in  the  swim- 
bld<.lildr  and  througliout  the  tissues  undei^o  expansion,  and  tlie 
tish  explndo, 

The  pressure  within  our  organisms  cannot  be  less  than  the 
atmospheric  pressure,  that  e.Yerted  by  the  atmnsphnre  on  the 
surface,  1.033,663  dynes  per  sq.  cm.,  or  a  pressure  equal  to  the 
weight  of  about  15  lbs.  per  sq.  inch.  If  the  internal  pressure  in 
any  part  become  less  than  this,  the  fluids  or  the  semi-fluid  tissues 
or  masses  of  the  body  must  flow  towards  the  region  of  diminished 
pressure.  Ilencc  a  permanent  vacuum  witlun  the  body,  total  or 
partial,  is  impossible. 

Tbe  abdomittal  wall.4  nre  closely  appremed  aponst  the  vifoern  :  ^^m  wallft, 

of  these  axa  prefsuil  a^iaia^t  one  onoth-.'!'  iw  far  as  their  contents  will  ollov. 

The  luii^H  iiru  piv-E^Ltl  ii^aiiist  tht*  libsby  tLi.*  Litiim)![>Ii«;rii:  pi'visKiii'c  ueling 
down  tliu  tnii:lii;a  anil  bi-unehi,  ami  llicy  urc  tht-rvby  uspiindcd  when,  but  for 
ibia  UL'liuu,  tin;  (^xiianFioa  of  tliB  rilis  ivjiihl  teutE  lo  {wva  a  vacniim  between 
tlid  pulnionary  plciini  iiin)  l.hi?  jmrirti'tt  ivf  the  thoriuc.  Tliia  cxfMinninn  doM 
not  uki^  plofii  wlit-n  tin;  iln.nix  i*  »'•  a\wnfi\  liy  a  woiiml  that,  on  ospAnsion 
(if  ibc  ril«i,  Jiir  tjin  pdw  tliruii;:;h  Ihc  woiiml  into  ihe  pli'iiml  oivity.  and  can 
thereby  i-qunlisc  iht  internal  ant)  cxt4>nuil  prcdsur^  without  the  aid  of  pul- 
monary indatlon.*' 


*  Iii  Much  a  cjue  s»m<f  of  tbo  ur  in  thai  utivily  cjiii  Iw  i^xjicllvd  1\t  an  cspiratorj 
clTort  with  dustx)  glotlia,  and  can  1w  prerenlcd  fri>ra  rvturuiug  by  u  ralva  opnaing 

oulwurds. 
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The  atmospheric  pressure  acU  freely  upon  and  tlirough  a 
muss  of  gas,  if  that  injisa  be  free  to  expand  or  contractj  whaUiver 
be  its  teinpcrature.  The  air  in  a  room  may  be  hot,  and  yet  the 
atmoRphcric  pressure,  acting  down  tlic  chimney  and  through  all 
the  chinks  and  orifice!)  of  the  room.,  will  be  undiminished  in  amount 
and  in  effect. 

A  trap  311  a  wash-limid  busin  in  a  room  will  not  be  unaUu  to  t»^vciit 
ffisps  from  beint;  forced  into  thu  ruitui  from  llic  draiiix,  eitnply  IwcAumt  tJio 
air  in  tlit'  roum  it  woriD.  It  may  bu  uiiuUc  to  do  so  if  thu  pn.'«nirc  within 
the  (Irainn  Wconm  cxwvaaivt,  or  if  tlii-  air  in  tlm  room  Iw  mrflfifd  liy  a  irtmng 
draiiglit  ujv  the  chinimy,  eapecially  where  the  Jtllinga  of  the  mom  are  ho  air- 
tij^lit  that  the  external  prewnire  cannot  fort;*  air  into  tlifl  rnom  exc(-pt  throngh 
ttif  Imp. 

If  any  object  rontaining  gas  or  air  be  placcil  in  a  region  of 
space  from  whicli  llie  air  has  been  wholly  or  in  part  extracted — 
such  as  the  bell  of  an  air-pump — the  internal  pressure  may  over- 
power the  external,  and  the  bo<ly  will  then  tend  to  become 
inflated  and  may  even  btirst. 


A  little  indianibtM>r  balloon,  a  bUi<]<ler  half  filkJ  with  air^  a  Bhrivblled 
•ppfe,  a  dish  uf  »onp  omln,  pn.>Hi-nt  nw^er  tbc  nii-piiiiip  a  Mn^lar  ftp[H3nranc« 
cxpannion.     If  u  loaded  pii'cc  of  wood  be  put  in  a  ilixti  of  water,  and  the 
hole  placed  oiider  tlie  air-piinip,  the  wood  will  appear  to  effervesce ;  tlie 
coMt-iim-i!  in  its  pores  pxpunrla  and  fotnift  biiMile».      If  wiila-wat«r  alruadj 
Hal  bu  milijcctni  In  titiiiiliii'  lri--(it«rn-iil  it  will  iviiew  ili"  (•iri-rvi'mrk-inn'. 


of 


«ir 


Tliis  inflntion  is  not  due  to  any  suction  on  the  part  of  tlie 
air-pump,  hut  is  dne  to  the  expansion  of  the  contained  nm,  which 
always  tends  to  eximnd,  l«it  which  can  only  do  so  when  the 
resistance  offered  to  its  expansion  on  the  part  of  the  external 
ressure  is  diminished  or  removed.  The  gas  expands  until  the 
internal  pressure  of  the  expanded  gas  is  equal  to  the  pitasuio  of 
the  rarefied  air  or  pas  ;  the  latter,  aa  we  have  already  seen  (Boyle's 
law),  Bulllre  liiiuinution  proportiunably  to  the  tleiisity. 

If  tlie  pressure  within  an  object  or  a  wivity  exceed  or  be 
made  to  exceed  the  cxttnial  attnosplierie  pressure,  there  is,  aa  in 
all  cases,  a  tetidency  to  establish  e()iitlihritim  by  setting  up  a 
flow  from  the  place  of  greater  pressure  to  one  of  less.  Thus,  if  a 
bladder  containing  gas  and  provided  wltli  a  stopciick  bo  loaded 
with  a  wcigtit,  and  its  stopcock  opened,  the  atiuospheric  pressure 
lends  to  drive  air  into  the  bladder,  but  it  is  overpowered  by  the 
greater  pressure  within  the  bladder,  and  there  is  an  outward  flow 
set  i;p.  due  to  the  dtffei-ence  between  the  iutemal  and  the  external 
prsasure. 
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A.  gasholder,  consisUng  of  an  inverted  bell  floatinK  on  water,  may  be 
loaded  eo  M  to  exerdsu  any  given  expulsive  pressure.  TIius  cool-^^a  dri%~en 
out  at  u  prcMiu«  of  1  iucli  uf  water  b  subject  in  the  gasometer  to  &ii  iDtemal 
prviisun;  ^  otm.  yr.  +  I  uicU  of  water,  aud  to  au  ujcteriar  prcesure  at  the 
biimcra  =  atiu.  pr.  only. 

If  air  be  blown  into  a  fliiak  partly  Rltcd  with  water,  partly  willi  air.  and 
providoil  with  a  narrow  open  glaea  tub*  paaa^il  thrtmi;ii  tins  cork,  and  if  the 
flaak  be  rnddenly  inv^rtftil,  water  will  rush  ont  tlirough  the  no«le  :  the  air 
haa  been  conipri'iwil,  ami  itfl  yireiisnre  hna  becnniB  gr*^ttT  than  the  atm.  pr.; 
this  diff^reuw  of  prtwiiwd  pauses  an  OHtwatJ  flow,  a  jet  of  liquid. 

In  the  duDic  of  tlte  tirc-onginc  air  14  compreesed  in  the  «une  waj:  die 
inflow  ifl  iotci-mittent,  the-  outflow  continaoua,  for  the  ah  never  ccaMS  to  be 
comprened  and  cxercisea  a  continuous  pressure. 

If  a  gas-evolution  flunk  coiitaiuing,  say,  sine  and  sulphuric  odd,  be  fitUNl 
with  an  oriliiiAry  itafi^ty-fuiini;!  (lippiii)^  into  the.  liquid,  the  liydrogtin  evolved 
will  poxB  out  by  the  intcudud  cbouuul :  the  liquid  of  the  fiusk  will  be  ubai-rved 
to  OBcillate  a  lilLle  in  Ibe  EaXt'ty  tuW,  which  uct£  08  a  muuuuivtvr  indicating 
the  iutenial  pressure.  If  any  obstruction  ofTtir,  the  gus  accumulates  in  the 
fln^k,  a  dilfi^runr^  is  set  up  bet^^'oea  the  internal  and  the  external  pressure, 
and  the  liquid  is  forced  up  the  safi-ty  tube.  The  mrpty  lube  dhoulfl  dip  into 
the  liquid  only  just  so  deeply  that  before  the  liquid  forcirl  up  into  the  ^nnel 
can  overflow,  the  level  of  the  liquid  iu  the  fliuk  shall  have  htcn  so  far 
depressed  that  notbinf;  but  gas  can  pasa  ont  tbrongh  tbc  safety  tube. 

If  a  cistern  at  a  height  be  connected  by  a  tube  with  a  large  flask  eon- 
taining  air,  in  such  a  way  that  lic^uid  luny  pu-ts  from  the  cistern  into  the 
flask,  air  is  driven  »ut  of  the  (luHk  ;  it  ttjay  In;  driven  out  through  a  tubn  ; 
this  tube  may  be  connected  witli  any  canty  throui^h  which  it  may  be  neoes* 
sary  to  drive  air.     Thin  is  one  form  of  Aspirator. 

The  same  principlt:  is  applied  in  the  plenum  method  of  ventilatioD:  a 
local  exccis  of  pressure  u  set  up  by  forcing  air  into  a  building,  and  the  air 
is  left  to  ttnil  its  own  way  out. 

WIluii  the  thoiiicic  walls  contract,  air  ie  driven  out  of  the  lun^  and 
blood  out  of  thti  thoracic  orgaria  in  general. 

When  the  abdominal  walla  tontnicl,  a  yenp  ml -contents- preasiiro  is  setup, 
always  at  right  angles  to  the  general  surface  of  the  practically -flu  id  visceral 
man,  and  opposed  partially  or  cotnpIeUly  by  n  uniform  atmospheric 
preasure. 

When  the  extemid  HtmusplifTic  pressure  exceeds  Ihat  within 
an  object  or  cavity,  air  may  be  forced  into  it  or  it  may  be  com* 
pressed,  or  if  these  effects  be  not  possible,  the  existence  of  the 
atmo3p!icpic  pressure  genenUly  becomes  in  aoiiio  way  strikingly 
manifest. 

Tlie  Magdeburg  hemispheres,  a  couple  of  hemispheres  fitting 
together  no  w  U>  form  a  sphere,  and  ordinarily  i<epambte  with  ea«e,  but  when 
apposed,  and  the  air  extracted  from  between  tliem,  nut  to  be  separated  with- 
out great  force  ;  the  boy's  leather  mucker,  a  piece  of  inulittened  leather 
doBoly  applied  to  any  object  Euid  pullud — any  reaidunl  air  still  reniaioing 
being  rarcfled — the  pressurt!  of  air  between  the  Hucker  and  the  object  boconi- 
Ing  very  nmali,  and  the  sucker  being  thus  firmly  pressed  by  the  weight  of 
the  atmosphere  against  the  object  on  which   it  is  plocol  :    the  ditHculty 
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experieiic«(l  in  pulling  the  handle  of  a  ^ood  nrringe  wb«n  the  amxle  is  stopped 
up,  or  ID  the  conlimtd  working  of  oil  air-j'ump, — all  theee  clearly  point  oat 
the  purt  j»lu,vi»i  by  uttuos^ihei-ii;  pre»»iirv. 

ill  the  vxpvriiiifiil  pniviuuvly  dwtrilxrd,  in  wlilvli  ftf»  eecapcd  fruiu  the 
pons  in  a  imcv  of  wood  kcjtt  umk-r  wulcr  mid  uxpusi;^  to  thu  ucliou  of  the 
air-pump,  it  is  only  nec-effiary  Ui  allow  the  ftliuoHpiienc  pressure  nfjaiii  to  act 
to  see  the  wnt*:r  drivpn  by  that  pnNBure  into  th(;  potea  of  the  WimmI,  which 
tttas  becomes  too  heavy  to  tlont 

The  atiuusplieric  pressuro  is  a  prime  agent  in  most  of  wliat 
wc  usually  call  tlie  plmnumeiia  of  Buctdon.  A  syringe  has  its 
nozzle  insertetl  iu  water ;  the  handle  is  limwu  up  :  in  the  body  of 
the  syrinf^e  there  would  ariae  a  partial  vacuum  were  it  not  that 
the  external  atmospheric  pressure  overcomes  the  feeble  in- 
ternal pressure,  and  pushes  the  liquid  through  the  nozzle  into 
the  body  of  the  instrument 

If  tbe  EvriuKe  iiiiv<!  a  thin  'cloised  woodi'n  iiozzli^,  und  if  ttie  vacuum  in 
the  Fyringn  be  rthithely  good,  th«  Atmoephi^ric  prttwuni  can  force  water  or 
mercury  tliroiigh  tlip  pofRs  (if  tlic  wowl.  If  tliere.  be  no  Bsfety  tube  attached 
to  a  i^-evt>hition  appanitiis,  and  if  the  evolution  r.f  gft«  ouddenly  roaae  while 
the  gas  dtill  continiK'K  to  b<?  abiDrbt'd  by  tliL*  li'iuid  into  which  it  i«  pasBcd, 
va  find  the  ^ii»  dimini»hin;?  in  nniount,  and  the  Pxt^^mal  atmoephcrio  prtissuro 
forein;;  the  abaorbing  liquid  bncJt  into  tho  j^aa-generating  Hosk.  If  tiiore  be 
s'Bafcty  tube,  the  very  short  column  of  liquid  at  its  lower  end  is  forced 
iluwii,  and  nir  vnten'  the  fla*k  until  thu  iutt^rjial  piv«eiiru  bccuiiivn  eiinal  to 
the  uxternal. 

FK.lli. 
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Aspirators  are  generally  coDetntct«d  on  this  principle.  Wat^r  flows 
£n>m  a  large  Hask  or  can,  1^'g.  11 '1  o:  air  must  take  its  place  :  this  air  ^'is 
dnvu,"  or  rather  is  pushed  by  th^;  atmospheric  preosure  thro[^;h  a  eeriea  of 
flasks  which  it  mutit  tmvertc  un  iCt^  way  ffoiu  (hi;  outer  air  to  lit  plncc-  in  tb« 
aspiraliug  fla*k..  Witti  thi-  urrungumuut  6  '>(  Fig.  114,  air  buu  bf  forced 
cither  froui  c  Cowardt!  S,  ur  in  the  rov^rso  diniutiun,  accunliuj;  as  A  or  B  ii 
accunled  the  higher  relative  position. 

The  vacuum  method  of  ventilation  ie  an  eshaufii-method  :  atr  ia  n- 
movMl  at  a  certain  point,  and  l^ntls  it«  way  fmin  dilTerent  parta  of  tba 
huildin;^  towards  this  point, 

Viltrntion  may  be  omistcd  by  connecting  the  filter  with  n  partial 
r»c«uru  :  thi:  funnL-l  U  for  this  purpose  tbtc-d  in  the  cork  of  a  fla*k  through 
which  then:  also  paasea  a  tube  leading  to  on  aspirator  of  any  kind,  a  Bptengd 
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pttmp  wtkkoi  hy  water,  and  olM  ■  Boiu«n  ponp,  being  freqaentljr  eaqtloyvd. 
The  Btmospberic  prcsBim-  on  the  lii^aid  in  the  funnel  forcM  it  lliroaglt  the 
filler  iobo  the  partial  racnam. 

Saccion  nipple*  and  bleeding  cnps  illtuttate  not  eocticia  hot 
fttmoAphenc  preaeure  :  the  preunK  within  them  is  \em  than  the  eUemil 
pmnn  ;  thit  jivt  uf  Ibe  Riirface  of  tbii  body  ezpoaed  to  their  action  mffen 
Um  pnmoTv  Uian  tbr  cuntiguuiu  |nrt«  of  the  skia  wliich  are  acted  upon  bv 
the  fnll  atmrHpiiiTic  pnrx»urv.  The  roult  is  as  if  all  parts  of  tbt  surfaftt 
exMpt  tbc  a^va  op^-rat«<l  on  wvrv  subjected  to  a  powvrful  prvsnuv :  the 
floids  ore  mvieeaied  by  the  atmoepbere  towards  the  ana  subjected  to  least 
pnasare. 

When  the  thoracic  woUb  expand,  their  soft  parts  are  dri^'en  inwardo,  air 
if  driven  into  the  lonf^s,  and  blood  i»  driren  iuto  the  thorax  from  the  paits 
of  the  body  acted  upon  by  the  full  aLmoKphcric  prvamrv  ;  alt  ilits  being  the 
comeqncnce  uf  ibc  ao-caUed  negative  pressure  (t^  pressure  hem  than 
that  of  the  atmoapbere)  in  the  thorax.  The  longs  act  like  a  sphygmonope 
(Fig.  105,  S):  they  arc  diljit£<l  by  internal  preoeure  until  llicir  re«istance  to 
further  diUlatiun  ia  equal  to  the  dilating  force.  The  leis  extensible  they  are 
or  beoome,  thr  *onncr  will  ibio  limit  be  n-Ached  :  if  their  exteuMbilily  bec<inM> 
•o  Biniill  that  tbc  limit  of  expansion  would,  if  Ihe  ribs  expanded  to  their  fall 
ext«iit,  b«  rmcheil  Wfc^re  the  plentvl  cavity  is  fiU^,  then  the  IiIiknI  aiid  the 
thoracic  walls  themwlves  ore  preiaed  inwards  and  the  chest  walls  low  the 
habit  and  tlie  power  of  expaaswiL  If  while  the  ebnt  is  expanding  theiv  be 
an  orilice  open  in  a  large  itin,  the  diininiilion  of  thoracic  pn-K<ur«  allows  the 
alniosphcric  preMuni  iioi  only  u>  drive  venous  blood  ton'ords  the  heart,  bat 
•lao  to  fom:  uir  iuto  tbo  opvn  vein,  and  thus  intu  the  drculaiiou. 

If  a  tMt  tube  be  inserted  in  a  larger  teat  tube  containing  water,  it  vill 
float,  If  the  whole  be  invertcfl,  flnrface  tension  may  for  some  time  prevent 
the  cAcnjie  of  water;  but  it  any  water  do  e«oa]>e,  tlie  atmo«phenc  prcMRitc 
piiidieH  the  »in*lk-r  tube  up  into  the  larger  one,  and  thus  causes  it  to  appear 
to  be  siK-keil  up. 

Aft«r  no  extrvme  contraction  of  the  abdominal  mnscle*,  there  is  elastic 
restitution  of  position  of  tb«  ul- lomiiial  walla,  and  the  intraabdominal  presMire 
sinksi      Apparent  unctiou  is  thus  i^xercisitd  on  the  yietvii:  (tiaphra^rii. 

Wbr-ii  in  a  joint  llie  bonn  are  «e[Ktralf(3  by  extrt-mn  fli-xiuii  or  eztrem* 
exteimioii,  the  t«r«dtin<;_y  to  ffirin  a  vacuum  betwi-en  tln?m  |iennil«  ihe  atmue- 
pberic  piewiire  to  jirifM  skiu  oiid  tiosue  betwiwn  the  bones,  and  thns  to  form 
an  cxtunud  diinpleL 

Oolumna  of  liquid  supported  by  the  atmospheric  pres- 

gure.— II'  a  vi.'f*se]  lilleil  wilti  litpiid  bu  invi-'i-ted  with  lis  mouth 
beiiesith  the  surface  uf  liquid  staniliiig  iu  a  larger  vessel,  wc 
flee — pruvicied  tliat  the  inverted  vessel  doea  not  exceed  a 
certain  height,  about  33  feet  in  the  ease  of  water,  Bbout  30 
inches  in  timt  of  mciciiry — Umt  the  liquid  does  not  fall  out  ol 
the  iiivertiid  vessel,  but  remains  in  pfisition,  supported  by  the 
atmospheric  |"»r«isure.  Tf  in  Fijj.  1  15  the  inverted  vessel  Iiave  « 
mouth  whose  area  is  (th,  and  if  the  height  of  the  column  of  fluid 
supported  he  Oli  =  H.  while  that  of  the  whole  columu  of  liquid 
above  tSie  orifice  la  Al) ;  and  if  the  density  of  the  liquid  he  p, — ibe 
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whole  pressure  tending  to  drive  fluid  out  through  the  orifice  ah  is 
t^pg  X  AB.  Opposed  to  this  we  have  two  pressures ; — (1)  the 
atmospheric  pressure  acting  thi-ough 

the  fluid,  equal  to  H  dynes  per  unit  B*--r — 

of  surface,  aud  therefore  equal  to  j  j 
abn  over  the  mouth  of  the  vessel ;  •  | 
_aad  (2)  the  water  pressure  on  that  :  \ 
ice  at  the  depth  AC — that  is,  I 
9pg  X  AC.  The  total  pi-essurc  j 
tending  to  drive  water  up  into  the  a'^—- 
vessel  is  thus  abJl  +  {ahpg  x  AC). 
Since  there  is  equilibrium  when  CR 
has  the  greatest  possible  height — 
equilibrium  hrought  about  without  bringing  into  play  the  elasti- 
city or  rigidity  of  the  upper  part  of  the  vessel — we  can  find  the 
greatest  free  height  CB  by  the  equation — 

ahpg  X  AB  =  «6II  +  ahpy .  CA. 
abpg ,  BC  =  ahU. 

BC=II. 

P9 

If  the  vessel  be  of  exactly  such  a  hetglit,  or  be  immersed  jnst  so 
deeply,  that  rta  own  free  lieight  BC  is  such  as  to  nnablo  it  to  eon- 

taiu  a  column  of  the  height  H  =  — ,  it  will  be  exactly  filled. 

99  n 

IE  BC,  tlie  free  height  of  the  vessel,  exceed  — ,  it  is  not  poa- 

P9 
sible  that  tho  column  of  liquid  mipportcd  should  oxtcad  to  the 
upper  limit  of  the  vessel ;  for  if  it  did,  the  weight  of  that  column 
would  exceed  the  atriiosplierio  pressure  whicli  supports  it  agaiuat 
gravity — -«n  evident  impossibility.     Hence  the  column  actually 

supported  cannot  have  a  height  gi-eater  than  — ,  and  tlie  space 

P3 
between  the  top  of  the  column  of  liquid  and  the  upper  limit  of 
the  vessel  is  a  vacuum,  tho  Torricellian  vacnnm. 

Thus,  if  tlie  free  internal  height  of  a  vessel  be  equal  to  — 

P3 
or  greater  than  it,  the  height  of  the  liquid  column  supported 
against  gravity  by  the  atmospheric  pressure  can  never  exceed 

— ,  but  will  be  eq.ual  to  it,  whether  there  be  above  it  a  vacuimi 

P9 

or  not,  and  whatever  be  the  size  of  that  vacuuiu. 
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Tlie  barometer  is  in  ils  timplcel  furui  u  tul^c  Qlk"!  witb  liquiJ  aod 
iuverted  into  it  cUtern.     If  tlic  luliu  Jiuvc  a  Irco  IcnuUi  AB  uivattir  ibiui  — 

n  f^ 

the  liquid  will  utaud  in.  it  at  a  free  lieiyhl  H  equal  to  —  Thus,  if  iIip  nttnos- 
pln.Tic  i>reiwure  be  l,013f667'3  dynes  per  m^.  eta.,  and  if  the  liquid  employed 
bis  water  {p  —  1},  tbe  free  Iii'igbt  of  tli«  column  will  "be  —  =  — '— — = 


Pig.  1 16. 


1033'3  cm. ;  wliilc,  if  the  liquid  employeri  he  mercury  (p  =  1 3*696),  tbft  free 

height  of  tlie  barometric  column  will  be  —  =  -  i i .  =  ~fl  cm,    Hene« 

^  pg      Id-SSti  X  981 

a  mercury  bamtneter  ia  iiuicli  men.'  conFUUtdUt  tia  instrument  Lh/iti  n  water 

1i)i.rtiiiL(!tcr,  fur  tlio  liifij^ht  uf  ibc  column  in  tUo  latter 

ia  over  33  fuet. 

If  the  tube  be  tilted  ohliqnely,  its  lower  end 
Ving  koint  imniorBPd.  the  liquid  will  move  upwards 
ill  thw  tnW:  Ibu  vertical  hcti^'lib  reniiUus  umiltered 
(Pifi.  116). 

A  common  wut^r  pump  cntiuol  act  if  it  be 
HO  deep  that  during  it«  action  the  &tmo«pheric 
prewture  would  hare  to  Biipport  a.  prealer  column 
than  <ine  of  about  33  feet  :  a  vacnuiQ  might 
It   i^iruduL-ed  at   tlie  top  of  the   cylinder  of  the 

pump,  uuil  vt.-L  iiHj  culiuuu  whutrc  height  cxcvudcdl  —  vould  possibly  ii«c«ud  iu 

iL  The  Torrin-ilUn  vnrLiiim  i»  utili«'il  in  thi'  ».i-ciille<]  mercury  nir-pump, 
A  fla«k  iH  filled  with  mercury  :  this  tla^k  ie  connected  with  a  flexible  tube 
also  filled  with  mt^reury :  thitt  mercury  in  coiitiuuoua  with  that  in  a  cistern 
into  which  the  flexible  tube  dip:^  Tliu  flivsk  luiiy  be  raincil  a  certain  height 
without  the  iiiurcury  Eeaviu^  it,  but  If  it  be  nd^L-d  so  liigli   that  thv  uppiT 

Itinit  of  its  cavity  eonii»  la  an  lU-vution  ijnutcr  than       above  tlie  suHace  of 

the  mercury  in  Oie  cikI^cti,  a  Torricrllian  vacuum  is  forrntrd  liy  wjui«  of  the 
mercury  t&nviiif;  tlir  Hank.  The  vacuum  uuy  be  laterally  connected  with 
Husks  filK-tl  with  fluids,  the  gases  contained  in  which  are  to  be  extracted  for 
analysis-  When  the  flank  is  raised  and  a  vacuum  formed  in  it,  the  liqui^b 
in  the  lateral  ilagks  eJTervesce  atid  tin;  jp^es  prtviouHly  dissolved  in  them  take 
their  places  in  the  mercury  Ha^k,  which  tuny  he  disconnected  and  removed 
for  furthtr  research. 

Wheu  the  free  height  of  tlic  x'cssel  is  Itas  thim  — ,  tlie  coliinou 
of  liquid  fills  the  vessel  P^ 

IE  a  cord  bo  laid  ncroiw  the  month  of  a  tumbler  completely  filled  with 
watvr,  the  whole  can  1k'  {nrort*d  ;  the  card  will  not  drop  off,  and  the  water 
will  not  drop  out  of  the  tumbler :  atmoM|)hcric  prpMure  keeps  the  whole  in 
place.  It  ifi  important  to  obflcrve  that  IIicib  ia  no  tendency  for  tJie  card  bo 
become  hnit^ed  in  any  scnae. 

A  pipette  completely  filled  with  lii|iiid  ami  i-.Iostd  by  the  thumb  will 
not  alt&w  the  contnineil  liquid  to  escape,  iinlutw  tbi;  lower  orifice  ia  ao 
oblifjue  or  irregular  a*  to  permit  eucceseive  portions  of  linuid  tn  trickle  away. 
If  it  be  jjartly  lilted  untl  clotted  by  the  thumb,  the  prcssun  of  air  in   the 
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upper  part  wmiM  nf^utmliw!  Ilii*  olTi'Ct  of  the  cxt«niii]  ntmoRpheric  pressure, 
ttiid  til*  Uquiil  would  Iw.  free  Ui  fall  vwrv  it  not  m  Uib  first  pkce  for  the 
SlirfBCQ  teiwion  til  the  lower  orifice,  wliJcli,  if  tKe  orifice  be  very  miiall,  ui/iy 
tw  able  to  support  a  consideriible  columu  of  liquid,  and  in  tlia  second  for  Uic 
rurefdcLiO'n  which  is  sut  up  liy  the  eatape  of  (tome  drops  of  liquid. 

A  guii-liolder  may  t:ontaiii  a  certiiiu  <iuaRtiiy  of  j{a»  above  aud  of  watvr 
txslo'W,  uiid  cvuii  tIiou(;h  on  iirtlic<j  l^v  niiidc  iti  ih«  walU  uf  the  ve&sel  below 
the  kvtl  (if  lh«  water — jirovided  that  it 
be  not  toil  '[urge — n»uc  of  th«  gaa  will 
«Hape,  fur  llie  atmoapheric  pressure  keeps 
the  whole  in  pliMe. 

It  is  often  of  importance  to  keep  water 
in  a  ciftiem  uC  *  ronntant  lev^l.  Thf 
arrun^cntL-nt  »hown  iti  Fi);.  117  4.'nabk-H 
this  to  be  done.  The  inntunt  thnt  the 
level  of  the  lir|nid  pawefl  below  that  of 
Ihe  orific«)*  of  the  iioxzlef  of  the  flasks  A, 
6,  C,  uir  enters  tbv^e  tIasliK,  luid  water 
pOMKV  into  till'  cli^tvrii.  Tli>u  ii^gre:t^itc 
delivering  power  uf  ilu:  lltuks  iiiuiit  uut  hn  Its  than  tbiit  of  the  ciet«rn  itself. 


When  a  column  is  supported 
by  the  atmospheric  prcssuri3,  its 
own  lateral  pressure  diiTors  at 
diiYerent  altitrnka.  Tliis  is  illus- 
trated hy  the  indications  of  the 
l&tcml  roanometere  of  Fig.  118. 


Tig.lU 


r-' 


.L.. 


If  ihu  wiUls  of  the  tube  in  which 
Huch  a  c-oluntn  is  »a[iporiinl  Iw  riuid, 
these  walls  will,  on  iK'i^unt  of  (liffur- 
ences  betwciio  this  internal  presHUrcH 
and  the  external  atmospheric  preanure, 
be  subjected  to  streiw  :  this  stress  varica 
from  point  to  point  according  lo  the 
allitttdft. 

If  some  purtii  of  th«  walls  be  flex- 
ible,  mercury  will    leave    the  column, 
and  the  tube  will  yield   laterally  as  in  Pig.  119  ;  thin  it  will  do  until  tlii; 
ivsi^tance  u>  furthijr  <lietortion  offered  by  the  w^Ib  is  eq^ual  lu 
ibiit  dijltreuue  of  pressure  which  tendfl  to  produce  it. 

If  tljv  uoluuiu  be  nut  btutiuiL-tric  but  L-Iijw:d,  luid  if  iu  the  ' 
same  way  thu  euntuiiiiut;  vesecl  hiLvi;  local  llcxihility,  the  upjier 
porta  of  it  will  yield  inwards,  tho  lower  will  bulge  outwanla; 
in  each  case  eciuilibrinm  is  established  bctwefin  the  intornul 
prewure,  the  atmospheric  prcitsiirc,  and  the  elfb?ticity  of  the 
waIU.  If  the.  whole  walls  be  flexible,  the  whole  mass  be- 
comes pyriform  ;  here  the-  atmospheric  pi-oiwure  produu^s  no 
special  effi;ct  in  the  determination  of  form,  for  it  is  equably 
yielded  to. 

If  the  upper  pari  of  the  walls  be  rigid  while  the  lower  are  flexible,  th« 
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lower  part  will  bulge,  but  the  upper  will  be  cnmp]etel3r  filled,  provided  Uut 

th«  whole  column  biu  a  lieigbt  not  greater  than  —  ;  if  the  height  be  greater, 

P9 
there  will  be  a  Tr.TTiL-ellian  vacuum  prwluced.  If  the  upper  rigid  pwt  of 
such  a  TesHcl  become  fStixiblc  in  whole  or  in  port,  it  i^ill  coUapee  to  hooui 
extent,  und  Cltild  will  ^wm  iut"  the  lower  port  of  the  coltujin.  The  mnonnt 
of  cullupiw  of  the  upjjur  piirt  dejieiida  on  ittt  extensibility  :  equilibrium  will 
be  i-stabliahod  whi^n  it»  riMEttilutuxi  pressure  is  luciilly  ei^uul  to  the  difference 
between  the  intt'niul  :uid  i-x(vriiu)  pro^urcK. 

Suspended  Loopa — A  H«Bppndcd  loop  U  a  double  closed  column,  and 
it  prefipnts  variations  in  pn-aaurc  und  in  diftnnsian  similar  to  those  nf  a  single 
eolumn.  T]ii»  prfAwre  at  any  altitude  is  dctrmiincd  by  the  ^^1ativc  height 
Mid  the  Ttkluofl  of  />  and  g :  the  amount  uf  dicit^niiion  at  an^  altitude  accom- 

n 

modatea  it^cU  to  the  pn-itsurc.     A  loop  more  than  —  cm.  duep  must  citlier 

present  a  Tacnuui  or  elw;  co|]a{iw  at  its  upp«r  part.  If  the  ascending  part 
of  the  loop  be  more  difltcnitiliilc  than  the  do^ci'iidinf*,  or  viu  vrrid,  the  aiiiount 
of  diaten^on  will  be  different  tn  the  two  parts  of  the  loop,  but  atatiealljr  the 
preaeurce  at  cqaal  altitudca  in  the  two  parts  of  the  tube  will  be  fctiual.  If 
an  additional  (juantity  of  fluid  be  forced  into  the  loop,  it  will  Kettle  down  in 
gn'«l«r  i^uantity  in  the  more  extensible  porta  of  it.  If  il  coaBtant  flow  of 
lificiid  be  initintaini-d  tu  tlie  loop,  the  more  diHteiiNihlu  pwrt  will  contain  more 
liquid,  but  (wb«ii  oiicc  the  ndative  ijtiaiitiLy  of  Iluiil  in  the  two  parts  of  tbe 
loop  has  been  acljiifbed)  the  rate  of  pH^M^e  will  not  be  afl^eet«d  by  gravity. 
If  an  intermittent  circulation  bv  kvpt  up  in  such  a  aititpended  lop]i,  each 
CQcceseive  increment  of  fluid  is  delayed  in  the  more  extensible  ptirt  accHnling 
to  the  relative  degpuea  of  diatenaibility  ;  but  jjiuvity  haa  no  direct  effect  OH 
tbe  mean  velocity  of  the  Htrbuin, 


A  Siphon,  such  as  ia  shown  in  Fig.  120^  is  an   inverted 


loop. 


n 


riff.iM, 
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If  it  be  more  than.  —  in  free  height,  a  TomcolUan  vacuum 
Pff 
is  formed  in  its  upper  part.     The  maiiitemmce  of  columns  tbe 

heights  of  wliich  are  less  than  —  depends  on  atmospheric  pressuM; 

P9 

aud  thus  a  siphon  will  not  act  at 
all  imder  the  air-pump.  In  Fig. 
120  the  ttiiideucy  of  llie  column 
AB  to  fall  out  of  the  siphuD  is 
etjiial  to  that  of  the  coliunn  CD 
to  full  towards  G  ;  but  the  t<tjd- 
enciy  of  the  column  EI*"  to  fall 
towards  G  ia  uncompensated.  The 
Tvhotc  mass  of  liquid  filling  the 
siplion  at  any  moment  ia  set  iii 
motion  by  the  weight  of  the  liquid  column  whose  vertical  height 
i£  El',  and  its  cohesion  makes  it  move  as  a  whole. 
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Woven  tisMto  or  a  akein  of  thread  tuny  act  a«  a  tuphou,  a«  in  ttLC  dnininf; 
of  a  water  biuiin  li_y  a  towel,  one  end  of  wliich  in  \irft  in  the  wat*r,  the  other 
haii]{ing  over :  the  fihrtu  tomj  becomd  wotl«i]  by  imhibition,  and  onix  wett«d 
thcjr  allow  the  linuid  to  paw  ovtsr  in  lube*  whtMe  wnUs  in  jiart  conaiitt  of  tli« 
fibres,  and  in  part  of  tliv  siiperiicial  film  of  th«  liitnid  itaelf.  This  uphou- 
actiou  in  iiupmsiUv  under  the  oir-ptmip. 

Sgmi;tinj«it  vtuitiUtioii  id  eiFecUnl  hy  uicans  of  a  lull  chimney.  This  is 
practically  aji  iuvt-jted  siphon,  wliich  cuuacs  a  flaw,  not  of  hvavj  fluids  down- 
wards, but  of  lit-bl  h<^[vil  air  iipwanlii. 
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The  Common  Pomp  (Fig.  121). — Ily  an  miward  stroke  of  the 
piston  the  air  in  the  cylinder  AB  is  expanded  and 
rarefied.  The  atmospheric  pressure  drives  up  a 
column  of  Itqiiid  along  DC.  The  piatou  is  driven 
downwards,  or  else  descends  by  it3  own  weight ;  the 
valve.-?  now  permit  a  certain  quantity  of  air  to  escape 
to  the  upper  side  of  the  piston,  but  permit  none  to 
r«tum  to  the  column  CD.  At  the  next  stroke  the 
air  in  AB  and  CD  is  again  rarefied,  and  more  wat«r  b^ 
rises  in  DC.  Tliis  is  repeated  till  the  water  rises 
into  the  cylinder  AB,  which  it  will  do,  provided  that 

the  column  CD  is  somewhat  less  than  —  in  h&ight 

Pi/ 
The  piston  then  scoops  up  the  water  iu  the  lower  part  u£  the 

cylinder,  always  allowing  it  to  pass  to  its  upper  surface,  but 
never  to  return,  and  thus  at  each  upward  stroke  of  the  pump 
water  is  lifted  up  and  forced  out  at  K. 

By  the  force-pump  water  may  be  mised  to  very  great 
heights.  Fig.  122  sliows  the  arrange- 
ment of  the  valves.  The  piston  is  solid, 
and  when  it  is  pressed  down  the  vaJve  E 
is  closed,  while  air  or  water  is  forced 
through  the  valve  F  against  the  pressure 
of  air  or  water  in  the  tube  G,  which  tends 
to  close  that  valve.  In  the  fire-engine 
there  may  he  one  or  two  such  force- 
pumps  which  drive  water  into  the  dome. 

Digrression  on  Valves. — There  are 
thiee  principal  types  of  valves  in  use. 
Of  these  the  first  is  tlie  ordinary  and  very 
familiar  clapfKir  valve. 

The  second  is  the  conical  valve  shown  in  Fig.  123. 
The  pressure  of  the  fluid  in  A  may  displace  the  valve :  a 
spring    returns    it    to    its    place    when    the    relative    pressure 
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iu    A    has    become     aiiRicwutly    diinmUliod    to    permit    it    to 

do  sa 

"e  ^  Fig,  1-31 


T~ 


A^ 


TLe  ttiird  kind  is  that  shown  iu  section  on  Fig.  124.  The 
piatou  AB  is  furnished  with  a.  cap  of  iudiarubber,  which  ia 
slightly  smaller  tliau  the  tube  in  which  the_  piston  moves.  In 
the  dirtictiou  A  to  B  thti  piston  can  be  freely  luuved  tliruugh  the 
liquid ;  but  if  the  piston  be  uiuved  iu  the  contrary  direction,  tlie 
indiarubber  cap  flies  open,  and  it  exactly  and  equably  fits  the 
tube  so  that  no  water  can  pass  it.  A  pouch  is  formed  :  the 
greater  the  pressure  within  the  pouch,  the  closer  the  apposition 
between  the  indiarubber  and  the  walls  of  the  tube,  and  the  better 
the  action  of  the  valve. 

A  sonicu'liAt  ftimikr  fonn  of  valvo  if  found  in  lli«  hwirt.  TTh*  Acmiltnuir 
rolves  (piilinoniiT}-  nnd  aortic)  consiH  of  pouches  ottArheit  tf>  tlie  wiiIIn  of  tlic 
vcMcl  ;  they  lie  loosely  npiinpt  ibc  walla  nnd  allow  ihe  liiiiid  to  How  jtasl 
them  aa  it  isaues  froni  the  heart  ;  l)iit  wlien  a  backu'onl  inipuW  is  gJTCTt  Ui 
ibe  hloorl,  or  the  valves  poshed  forwnrd  ii}*ainflt  the  blood,  they  ut  catight 
hy  t\n:  li<{^iii<!,  tlii;  juiuchflx  are  disti^ndetl,  thi-y  tuucli  onn  iiiiulhtr  tutd  coin- 
ploU-ly  hUick  up  tha  lituivii  of  the  tuW 

Tlnj  other  valvL'M  of  the  heart  are  cUpper  valves,  attached  to  the  vtwXIb  of 
the  CAvity  of  the  he&rt,  two  or  three  in  each  situatittn,  toKether  attached  to  a 
complete  circumfereiice,  acting  together,  Bllghtly  overlappinj;  one  another, 
and  conijilut«ly  clcaing  the  lumen  of  the  tuhe,  and  provided  with  teiidinons 
and  niuscuEur  nrrangctneQta  wbtch  pruvent  their  Wing  driven  tou  fur  townnLi 
thu  uurielc  when  Lliey  urv.  impelled  buckwiLrds  hy  u  prcdouiiiiiLiit  veutritiulor 
proasuri.'. 

Measurement  of  Atmospheric  Pressure. — The  atmospheric 
pressure  FI  per  unit  of  siiiface  may  be  easily  calculated  if  H,  the 
height  of  the  bnroraetric  column,  he  known,  for  H  =  Hpj.  The 
habit  of  stating  the  pressure  in  terms  of  H, — as  thus,  "a  pres.siire 
of  30  inches  of  tnercury," — -is  general,  and  if  clearly  understood 
is  unobjectionable. 

The  height  of  the  barometric  column  is  subject  to  corrections 
for  capillarity  and  for  temperature ;  the  latter  involve  tlie  con- 
sideration of  the  less  density  of  wana  mercury,  and  of  the 
expansion  of  tho  i;\as(i  of  the  tube,  togetlter  with  the  alteration 
necessitated  by  that  e.\pun!sIon  iu  the  correction  for  aipillurity. 

The  aneroid  barometer  is  essentially  a  hollow  box  of 
elastic  metaJ  in  which  there  is  on  impei-fect  vacuum.     Any  given 
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amount  of  external  pressure  produces  a  corresponding  amount  of 
compression  of  lliia  box;  »  uiultiplj'inj,'  arraiigeinutit  cau'jes  s. 
U'Var  to  indicate  by  ita  poaitioii  in  relareuoe  to  the  face  of  the 
dial  the  amount  of  this  coinprettsion.  Careftd  prelimiaar}'  gradu- 
ation enables  the  absolute  amount  of  uxternal  pressure  correspond- 
ing to  each  indication  of  the  instrument  to  be  recorded. 

The  pressure  Ti  =  "Hpg,  =  (my)  1,006,506  dynes,  is  the 
snmf)  pressure  as  would  he  exerted  by  a  uniform  atnioaphere 
throughout  whicli  (/  was  uniform,  whu;jo  uniform  density  was  j^-Q' 

and  its  uniform  height  H  =  —  =  — ^ =  790,020  cm. 

pg       t4^«0S1 

=  7900'2  metres  If  a  bmumeter  on  the  floor  stand  at  7lj  cm.. 
tlio  same  bai-onieter  raised  to  the  hei^dit  of  1  metre  bhould  stand 

at  a  height  of  76  cm.,  less  —~—  mm.,  a  perceptible  diuiinutiou. 

10*4 

The  pressure  diws  not  diminish  regularly  with  the  height,  as 
it  would  in  an  ocean  of  iueoniprcssible  fluid.  The  lower  strata 
of  the  air  are  conipresfled,  and  therofcro,  to  sot  up  a  given  difTer- 
eiice  of  preiSHure,  u  Hlioiler  vertieid  ascent  aiiiong  them  ia  suli^cient 
than  is  necesBtiry  aunuug  the  liigher  strata. 

Each  stratum  differs  from  the  one  below  it  in  two  respects  :— 

(1)   it  has  fewer  strata   above  it;  (2)   it  is  therefore   lesa   coro- 

prcsacd,  and  fnr  equal  mass  has  greater  volume.     If  we  imagine 

the  whole  atmosphere  to  be  divided  into  7i)00"2  .strata,  the  lowest 

of  them  all,  which  bears  tlie  weight  of  7809'2   strata,  will  be  1 

nietre  tliick ;  the  next,  which  bears  the  superincumbent  weight 

7809"2 
of  78'J8'2  strata,  will  have  a  thickness  of  1  metre  x  l.— ^ — "  ; 

7898-2 

the  next  stratiuu  will  have  a  thickness  greater  than  this  in  the 

7898-2  .  ..  ....  /,  _.73£>0-2\   7898-2   7899-2 


ratio 


«■-     ■      -.      -1.  u.  A       7890-2\       7898-2       7 

— ;  i.e.,  It  wJI  be  [  1  X ]  X     =  - 

7-2  \        7898-2^      7897-2      7 

7Si)9-9 


789 

and  the  nth  layer  will  bo 


897-2' 


7900-2  — K 


metT&H  thick. 


Altitudes  as  mdicated  by  the  Baxometor. — If  x  be  tlio  vertical 
lieiKtit  bctwL'i-u  iwo  El;itiuai>,  H  tlic  height  of  tlie  barotiiRt«r  nt  the  lower 
•tatioii  observed  at  rempdrature  (,  nn<l  H,  tlio  hi^i^lit  cf  the  baroineti-r  at  tb« 
higher  station  at  thn  temperature  t*,  A  being  the  Iiititudc  ;  then 

X  =   1«393  .  (1  +  -002837  cat  X)  log  — ,  f\ 
{Laplace's  Foriaula), 


1000/ 
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Variationa  in  the  barometric  pressure  occur  from  mament 
to  moment,  as  tho  atinusphenc:  oceiiu  is  distui'bed  Ijy  currents, 
driven  in  whirlpools,  varied  in  thickness  by  superficial  waves  or 
by  expansion  (duo  to  heat)  and  lateral  overflow.  When  any 
spot  has  a  low  pressure,  there  is  a  tendency  for  the  Rurrounding 
air  t<»  rush  in  from  all  sides  towai'ds  that  spot,  the  centre  of 
depreasion;  the  greater  the  difference  of  pressure  between  two 
places — t*,f.,  the  steeper  the  barometric  gradient — the  greater 
will  be  the  tendency  to  an  inflow  of  aii-  towartls  the  centre  of  de- 
pression. This  tendency  is  so  modified  by  the  i-otation  of  the  earth 
from  west  to  east  (in  a  direttion  opposed  to  the  apparent  move- 
ment of  the  arm)  that  the  flow  dui^a  not  take  phtce  directly 
towards  the  centre,  but  round  it  in  a  circular  storm  wbose 
direction  is  in  the  nortlierii  homisphere  opposed  to,  in  the  soutliern 
the  sanit!  as  that  uf,  the  Iiunds  of  a  wutdi  (Dove's  Law  of 
Storms). 

Correction  for  presanre. — Variations  in  the  barometric 
pressure!  render  it  nttessaiy  in  measuring  quantities  of  gas  by 
volume  to  make  a  correction  for  preasure,  and  to  reduce  the  gas 
to  standard  pressure — tie.,  to  state  what  the  vohmic  woidd 
have  been  had  the  atmospheric  pressure  at  the  time  of  measure- 
ment been  76  cm.  Boyle's  law  teaches  us  that  the  volume  varies 
inversely  as  the  pressure.  If  therefoie  the  pressure  on  gas 
measured  as  x  cub.  cm.  at  7G"1  cm.  had  been,  not  T  13"1  but  76"0 
cui,,  the  volume  of  that  gas  would  have  been  greater  under  the 
less  pKssure  in  the  ratio  of  761  to  7G'0,  The  general  rule  is, 
tlial  a  volume  of  gas  measured  at  the  pressure  h  cul  inuHl  be 

mnltiplled  by  —  in  order  to  reduce  it  to  the  standard  pressure^ 

Standard  Atmoepheria  PreBBure. — In  manii'  modem  bnr>k^  inxtoad 
of  R  pre«iirc-  of  76  (tn.  iHLTCiin,-,  i.r  I033'23C  em.  water,  or  1,013,663-376 
dyne*,  the  eUndard  atniofiphcrii'  jn-Lv'.'^iirL'  in  taken  as  1,000,000  dynca  per 
Bq^.  cm. 

Oases  passed  into  the  Torricellian  Vacuum. — If  a  bubble 
of  gas  be  passed  int'U  the  Torricellian  vacuum,  it  will  expand  so 
na  to  fill  it ;  further,  it  will  exert  pressure  on  the  top  of  the 
column  of  mertniry — it  will  therefore  depress  that  column ;  the 
extent  to  which  it  depresses  the  column  measures  tlie  pressure 
wbicb  it  exerts  upon  the  mercury :  conversely,  that  depression 
measiires  the  presanre  of  the  mercury  upon  it,  and  therefore 
indicates  the  pressure  under  which  it  itself  assumes  its  actual 
volume. 


XII.]  ATMOSPHERIC  FBESSUBE.  313 

Let  a  barometer  tube  whose  cross  area  is  J  8q.  in,  and  whoee  free  internal 

height  is  34  inches,  have  standing  in  it  a  column  of  30  inches  of  mercury. 

Pass  a  cubic  inch  of  air  (measured  under  a  pressure  of  30  inches)  through  the 

mercury  into  the  four-inch-long  Torricellian  vacuum.     It  would  exactly  fill 

that  vacuum,  exerting  a  pressure  of  30  inches  on  the  top  of  the  mercury.     This 

is  impossible.     The  gas  expands  ;  it  depresses  the  mercury  through  x  inches  : 

it  is  then  subjected  to  a  pressure  of  x  inches  of  mercury  as  compared  with  the 

atmospheric  pressure  of  30  inches  under  which  it  was  measured.    Its  volume  is 

30 
now  accordingly  increased  to  1  cub.  in.  x  —     The  length  of  tube  occupied 

z 

30               120 
by  this  volume  is  —  x  4  = inches  ;  of  these  4  inches  were  already 

taken  up  by  the  vacuum.    The  actual  depression  is  therefore  [  ■ —  ~  ^  )  >  ^^^ 

this  depression  is  x  itself.     Hence  x  =  / 4  ) ;  or  a:  =  9'15  ;  and  the 

mercury  will  stand  in  the  tube  at  a  height  of  20*85  inches. 


CHAPTER    XIII. 


HKAT. 


Heat  ia  a  form  of  Energy.  It  would,  perhaps;  indeed  be 
more  correct  to  say  t!iat  we  riesignate  under  the  one  aame  He«t 
two  totally  (Jjstiiict  formn  of  Euergy.  The  one  of  these  ia  the 
enei^  uf  a  wave-uiotiun  in  tht;  Ktber,  passing  from  a  hot  hotly  to 
suTToundLDg  gbjects  across  the  iDLerveiiing  space,  as  from  the  sun 
to  our  eai-th,  or  from  a  hot  iire  to  the  colder  objects  upon  which 
it  shines:  this  we  call  Kadiant  llent.  The  other  form  is  a 
eonfustid  oscillatory  disturbance  of  the  particles  of  a  body:  in 
virtnu  of  this  molecular  movement  a  body  may  a|)|K)ar  to  our 
cutaneous  sense  of  heat  (a  scubg  quiUs  distinct  fvoin  ttuit  of  touch) 
to  he  more  or  less  hot  or  wann  ;  ur  in  tlie  converse  ciise  it  may, 
on  ncconnt  of  the  smnll  amount  of  this  movement,  appear  to  be 
relatively  cool  or  cold.  The  latter  form  of  heat  may  be  caHed 
Sensible  Heat,  or  Heat  simply,  and  of  it  we  shall  proceed  to 
treat  in  this  chapter.  It  is  the  only  fonn  of  h^eat  for  the  percep- 
tion of  wliich  we  have  special  sense-organs.  We  do  not  directly 
perceive  the  undulations  of  radiant  heat  by  our  senses  :  when  the 
sun  shines  on  us  heat-waves  strike  the  skin,  throw  it  into  vibra- 
tions, and  the  sensible  heat  of  the  skin,  not  the  raiUant  heat  of 
apace,  affects  the  appropriate  nerve-enda.  When  we  touch  a  hot 
body  it  eomwunieates  its  oscillations  to  the  nervous  system :  when 
wo  appmach  a  hot  body  we  heeonie  indirectly  sensible  of  the 
radiant  undulations  into  which  it  is  throwing  the  surrounding 
ether.  Thus  we  may  state  that  our  sense  of  heat  is  our  power  of 
perception  of  the  confuaedly-vib  rating  condition  of  a  body ;  and 
that  the  more  pronounced  this  condition  of  agitation,  the  hotter 
will  a  body  appear.  A  hotter  body  may  be  readily  supposed — 
and  rightly  ro  if  we  confine  our  attention  to  bodies  formed  of  the 
same  substance — to  have  in  it  a  greater  amount  of  Heat  than  a 
colder  one.  And  a  hotter  body  can  become  cold,  a  colder  body 
can  become  warm  :  heat  can  be  supphed  to  bodies,  or  they  can  be 
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deprived  of  it ;  Ueftt  can  be  gaiucd  «r  lost  hy  material  bodies. 
Tlie  primitive  intorpretatatiou  of  this  was  that  Iiwit  was  a  sub- 
stance, a  fluid,  the  80-calliid  Caloric,  iimsille,  imponderabla ;  that 
a  piece  of  hot  iron  'was  a  kind  of  teiupcrarv  uolun  of  cold  iron 
witli  tliis  subtle  impoiulerable  fluid.  "Wliei]  a  pieco  of  mt^tal  was 
nibbed  it  became  warm :  ttie  reason  assi<jucd  was  that  Calorie  was 
squeezed  out  of  it,  like  water  out  of  a  sponge.  But  this  material 
theory  of  heat  became  untenable  when  it  wns  shown  that  there 
waa  ahsnlutfily  no  limit  to  the  amoimt  of  fiiijiisiblc.  htiat  whicli 
might  ho  so  produced  by  the  friction  of  a  trilliiijj  aniotitit  of  metal ; 
the  amount  of  water  tliat  might  be  lioiled.  for  example,  by  lieat 
produced  iti  this  way  depended  only  on  the  lueehanical  power 
available  (Kumford).  The  heat  evolved  by  friction — as,  for  instance, 
in  metal  boring  or  turning — is  practically  limitless.  Eveu  two 
masses  of  ice,  caused  to  rub  against  one  another,  melt  (Davy) — a 
fact  wliich  leads  the  material  theory  of  heat  into  helpless  con- 
fusion. Water  waa  admitted  to  be  ice  plu4  caloric ;  if,  then,  ice 
with  its  caloric  rubbed  or  squeezed  out  of  it  and  lost — that  is  to 
say,  ice  minus  caloric — become  water,  how  can  the  theory  stand  ? 
Plainly  heat  is  not  material ;  it  is  the  energy  imparted  to  the 
system — it  is  equal  to  the  work  done  upon  it;  and  we  find  that 
heat  and  tho  otlior  forais  of  cucrgy  are  reciprocally  convertible. 

When  a  body  in  sctuibly  hot  iU  particlea  are  in  an  active  rtate  nt  motion. 
The  [MUticIeH  strike  one  aJiuther  and  ivbound  ;  Ibe  iiioiv  ni|iiilly  llu-y  do  m>, 
tliG  graiiter  [•<  Llii!  mean  Telocity  of  tht-  porticltiH,  aud  tlic  (;iv:iU-r  i*  t)ii'  kinetic 
eneruy  of  l!i«  wlioK^  iiuw«  ;  biil  it  in  impwviblo  tliat  llii-  eni-ny  i)f  tlit"  niole- 
calc«  «1kiiiM  iw  viitircly  due  If i  ouch  u  mcrvi'Dicnt  of  traiiHliittun.  They 
anj  not  ituiU-riid  jioint*,  imd  tliey  Imve — if  not  in  solida  or  in  litjuida,  yet 
certainly  in  ga«?s — six  dejcreea  of  freedom  ;  when  they  strike  wi';h  otlier  tiiey 
not  only  rebound  but  tboy  also  spilt  ;  to  the  eneivy  of  tramlatiim  ieuikI  bu 
nddcd  Qoe  of  rotation.  Further,  thu  moluciilt-j*  an>  luiulv  ii)>  of  utouia : 
atonu  are  not  rtatiuriar)*  in  the  uiliIccmIl-,  but  may  be  eu  vioU'ntly  nsitiLtcd  na 
to  lea%'c  it  oltoj^tfacr,  and  than  to  ^nvc  rise  to  the  pbciinini-na  of  chcmii^al 
ileocimpontion  by  heat ;  port  of  the  energy  <•'  *  heated  body  is  due  to  i  u  trn- 
molecnlar  atomic  oflcillationB.  Iju*tly  tlio  elht-r  entanglojl  in  a  ni»l«- 
cule  in  al.to  mt  in  vibration,  and  uUtorbt  atntu'.  cnt-i';^  wbicb  n|){ifai-s  lut  kinetic 
(energy  of  ^-.tbur.vibratiijnM.  Tin;  unat  (if  lhi-»!  it  tVunut,  by  Ibf  ngree- 
lOvnt  iif  oxpcrimenlJil  nanltit  yi'ith  <Mi1'rHlalii>ns  iNweil  on  thp  by|i(>tluflsi»  that 
AUcIt  is  lL«  law,  to  In-  proportional  oti  tbo  -iveraRe — un  averafje  not  perceptibly 
departed  (roni  for  any  appreciable  interval  of  time — to  t!ie  kineti*;  flnorgy  of 
Iranalation  alone. 

The  cnnvertibility  or  iilentity  of  heat  with  energy  is  inik'pend- 
cnt  of  the  inner  mechauism  of  the  moving  molecules  wliich  possess 
it ;  and  it  is  confirmed  by  instances  from  all  aides. 

The  energy  of  work  which  is  apparently  wasted  in  friction 
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becomes  Heat :  the  heating  of  a  locomotive  bralte,  the  ignition  of  a 
luctfer  match,  the  beat  evolved  duriog  the  mechaaical  operations 
of  metal  boring  or  turning,  the  beat  found  in  a  body  which  has 
received  a  sudden  blow  or  a  sudden  distortion, — all  these  prove  the 
proposition. 

If  work  be  done  in  drivin;^  n  paddle  in  water,  no  work  being 
done  other  than  tliot  of  churning  the  water,  when  the  operation  is 
over  the  work  appears  to  have  been  wasted  and  to  have  disap- 
pcared  ;  but  tlic  energj'  is  not  destroyed  ;  it  exists  in  the  water  in 
the  form  of  heatv  If  772'43  foot-ponnds  of  work  (measured  at 
Manchester,  Joule)  bo  expended  in  churning  a  pound  of  water, 
the  temjierature  of  that  water  will  be  raised  by  1°  F.,  from  60° 
!■'.  to  6 1°  F. ;  a  similar  rise  of  1°  C.  in  a  kilogramme  of  water  will 
be  eftected  by  the  expenditure  of  423'437  kilogrammetres  or 
41,573,025,47i>  ergs  of  work.  Hence  tlie  water  at  the  base  of 
Kiag&ra  Falls  ought  (setting  aside  the  effect  of  evaporation  and 
of  cooling  or  heating  by  the  air)  to  be  alxjut  J*  F.  higher  in 
temperature  than  at  the  top,  for  the  vertical  fall  is  161  feet 
Hence  idso  the  sailor's  maxim  that  the  sea  is  warmed  by  a 
storm. 

When  in  a  steam-engine  at  work  the  steam  at  its  entrance  to 
the  cyUnder  fmni  tlie  boiler  is  amipared  with  that  which  goes  to 
the  condenser,  it  is  found  that  the  latter  is  colder.  The  difference 
of  heat  is  found  to  he  e^piivalent  to  the  work  wliich  the  engine 
has  done  ;  and  if  the  engine  do  no  work,  then  the  energy  which 
has  not  been  converted  into  work  remains  as  heat,  and  the  engine 
becomes  heated  (Hirn). 

"When  a  quantity  of  gas  or  of  liquid  is  forced  tlirough  a  tube, 
as  in  Fig.  109,  the  potential  energy  of  the  system  before  the  flow 
is  started  is  greater  than  the  kinetic  energy  of  the  outflowing 
stream.  If  the  resistance  be  so  great  that  the  velocity  of  outllow 
is  practically  null,  the  whole  of  the  work  done  on  the  fluid  is 
spent  in  heating  it^*'     Tlte  work  done  is  equivalent  to  the  heat 

*  Thia  niiut  \w  ilonc  at  a  iirc\mxiro  coTTMponding  to  n  ccrUin  icitinite  htnd  11  of 
the  mmo  fluid.     Tlic  fluid  ie  founJ  to  rial-  in  lenijieralurc  hjx'C;  a  liead  of  —  etn. 

XT 

would  MDM  It  Co  riite  hy  1°  C.  ;  a  vertical  fm  rnll  at  —  an.  vroultl  cauM  it,  if 
abruptly  iilop^ioil,  to  rise  in  tommntiire  Ijy  1*  C.  ;  the  smoant  of  ntrrgy  cormpand* 
lug  to  sucb  a  Tall  would  he   —mg  orgs ;  tltU  eii«rg>'  in  t]i«  form  ot  heat,  —  mm 

St  X 

erpt,  would  heat  »  mua  m  of  tbo  fluid  through  1*  C. ;  ~V  "TB*  would  heat  one 
graiuine  of  the  fluid  through  1'  C.  ;    —  .  3  .    -    ergs  {k  being  the  ^itifie  hee^  of 
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now    able    to    state    the    First    Law    of 
Heat,  being  a  form  of  Energy,  can  be 


produced.      We   are 

Til  L' nil  odyn  amies. 
measured  in  ergs- 

This  law  is  usually  stated  in  a  somewhat  diffdrcnt  fomi.  An 
arbitrary  unit  of  Iienl  is  ohwton,  and  desigimted  a  Caloric-:  tliw  'm 
the  amount  of  heat  which  is  retjuired  to  raise  the  temperature  of 
one  kilogramme  of  water  from  0"  C.  to  1°  C.  Thie  quantity 
of  heat  is  found  to  be  ■il,5'73,025,4'r5  ergs.  Tliia  last  number, 
41,573,025,475erg8  is  the  "Mechanical  Equivalentof  HeaC 
or  "Joule's  Eq^uivaleut :" *  it  should  perhaps  be  called  the  Me- 
chanical Value  of  the  Conventional  Uait  t»f  heat,  the  Calurie.  The 
first  law  is,  theu,  tliat  one  Calorie  is  equal  to  41,573,025,475  ergs. 

Another  unit  of  beat  has  beou  ^mpiisuil,  the  Ek'cLroRiagnvtic  Uait,  or 
10,000,lHH)  ei-ga  ;  this  lit  tlie  amount  uf  lieiit  devulojwd  in  one  anwrni)  in  un 
electrical  <iir«uit  wliow.  rwistancb  i«  one  Ohm  wlien  a  cnrrtnt  puKHt's  whoec 
intensity  is  one  Ampere.     (Sec  p.  575), 

Heat  13  eneTKy,  and  it  is  the  lowest  form  of  encrg}'.      It  may 


JorLB'a  Eqcivalkst.— Joule's  revidon  of  this  phfrical  constant  gives 
litni  the  Tuluc  773*487  fnot-poimdH  at  Highor  Brooghton,  MancbrAl^r  (IaL 
63* '284'  N.),  at  120  feet  aliove  sea-lcvcl  ;  thi«  rtdnced  to  sca-levol  and  the 
latttii<i«  of  (Ircenwich  giv<>ti  77Z'55  as  thv  number  of  foot-pouniU  of  woik 
nwcwuy  t"  ruiM*  lh»  tempemtiire  of  ane  pound  of  water  bum  60*  F.  to 
61'  P.,  the  iKJiind  of  water  liaving  been  wcij;h*d  iw  vacuo. 

In  acconlaiie^  witli  thif  value,  t!ie  Gtklorle  is  equjil  to  41,693,010,000 
eige  or  J23'i)tiA  kilognuuiue-melrea. 

p^M  sif^  sir. 


'*'    Heat  being  a  form  of  energj',  many  propositions  relating  to  it 
are  merely  special  cases  of  propositions  relating  to  energy. 

If  Q  certain  nunibor  of  bodies  be  arranged  in  a  system  A 
whoso  potential  energy — depending  on  tlie  arrangement  of  the 
bodies  in  the  system — is  P^ ;  if  the  same  bodies  can  ho  ari-auged 
in  other  systems  B,  C,  D,  whose  respective  potential  energiia  (less 

the  fluid,  i>.  32S)  would  beat  uoe  gnuurue  of  irater  through  1*  C  ;  1004  — ^  ergs  of 

cTiirr^  ill  the  form  of  beat  would  raise  the  tempcnturc  of  ono  kilograiamc  of  water 
tlir.iugli  r  C. 

*  JohIa's  Eqnlraloiit  in  iu  original  form  was  a  immber  {772)  which  dcnotwl 
thv  number  of  f<>ot-|>oundx  or  work  foiuid  to  be  cqulvalviit  la  llie  heat  tteccsMry  to 
taise  1  W  of  wat«r  through  T  F. 
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than  tliaL  of  the  furmer)  lire  Vq,  Pp.  Pd,  etc. :  then  the  transforma- 
tion of  the  more  highly-stressed  system  A  into  a  Icss-stitsseil 
system  B,  if  this  ho  brought  about  by  a  rearrangemeDt  of  its  con- 
etitiient  bodies,  involves  a  liberation  of  energy  equal  to  Pj^  —  P^. 
If  in  this  casfi  the  system  A  be  converted  into  the  system  Tl  with- 
out doing  any  exterior  worlc,  the  whole  of  the  energy  liberatetl 
appears  in  the  form  of  heat ;  and,  numerically  expressed,  the  heat 
thus  liberated  is  equal  to  the  work  \V  which  woiJd  have  had  to 
be  done  upon  the  system  B  in  order  to  couvert  it  into  the  system 
A,  if  that  operation  had  been  effected ;  that  is,  the  heat  so  liber- 
ated is  ©quai  to  W  =  P^  —  Pg. 

A  KruiBimf;  uT  Iiylru^vii  luicl  tfi);Iit  graiunu-e  uf  oxyf^>ii  foini  ft  Byeteiu 
(syutent  A)  wliich  after  (.'jEjilgBioii  may  U:  cuuvtrtcd  itito  ainc  graomieB  of  vat«r 
va|>oiir  of  till!  Kanic  vulunie  and  tcmpenituru  (hysteni  B).  Tlii;  fnrmcr  is  con- 
VtifUul  intn  thi^  luM^r  u'iLlinut  doing  any  cxU^rior  work.  Murli  tncrgy  ii 
libemted  in  ihi-  form  of  limt,  and  though  tlii-  nliRohit':;  valHiw  of  P  and  P 
arc  unknown,  their  r[i(fcrcnc«  ifl  fr>iind  [ettts  OuIorimiMry)  to  be  an  amount  of 
energy  c(iiiiil  to  34462  C'oJorics,  or  1,432,089,600000  cipi,  or  1,432680*6 
megerga.  The  potontial  energy  which  the  mixtnrc  ]os*fl  when  itn  partidrs 
chuih  together  and  comljinf  ia  the  energy  of  chemical  wparalion.  A  mixUiiv 
of  ex|ilijwvi:  gasfM  may  be  made  to  yiek!  uji  aume  of  lliia  energy  in  rli*--  fonn 
of  work,  aj-  in  tin-  ninLli-ni  gniMiJigini;  ;  if  iirt  Wtn-fc  lii-  ilotie,  and  if  then-  Ir-  ho 
othvr  tranpriinmilioii,  Ihv  whok-  of  it  must  u]))K-^r  in  the  form  of  htail. 

Chemicat  combinutiou  is  thau  often  nitended  with  Llie  ovoltition  of 
lieaU  One  giaiuuic  of  turbou  burned  in  oxygen  yiclda  80*8  Calories  or 
3^359,100,500000  ergs;  1  gramme  of  carbonic  oxide  yields  S4'03  Cnlisi^ 
(S4-31  Ca\f~,  Andrews);  1  gmnime  of  niorah-gaH,  13'063  CaXn.;  1  gnunme  of 
dr>- idbuiiiiii,  49-98  OaU:  urea,  2-206  Call". ;  fat,  SOfKJCiLk;  8tarch,3-90ia 
CaK,  or  162,184,6S6,973  i-rga  i)L-r  gnuiuriu  (Frnnkknd). 

When  copjier  or  iiiitimouy  ib  druifpcd  into  ciilnrinc  it  takt's  fire,  and  n 
chloride  is  formed  :  heat  is  e%-oIved. 

In  some  instanwji  the  converse  is  true  ;  work  haa  tii  he  done  upon 
•cpftTtitj.'  c-li}mcnt«  in  order  to  force  them  directly  or  indirtftly  to  combine; 
and  when  their  coni[KiUnd  deconiptises  liifat  it  r%nlv«d.  Carbon  ami  siUpliur 
will  only  combitie  wbea  they  are  kc)>L  hot  by  an  external  source  of  he«t : 
tbey  must  be  foj-ccd  to  combine.  Nitrom  oxide  (NjO)  evolves  heal  when  it 
is  decomposed  into  nitix^en  and  oxygen ;  and  hydrogen  dioxide  {tijit^  uvglvce 
beat  when  it  ia  decouiposec)  by  contact  with  plutiuutn. 

A  chaage  from  the  conditioa  B  to  the  condition  A  (whicli 
possesses  more  potential  energy)  cannot  be  eflbctcd  unless  tliere 
ho  energy  added  ah  extertw,  or  else  unless  some  of  the  kinetic 
onergy  of  the  body,  if  it  have  any,  assume  the  potential  form; 
in  the  latter  case  the  body  may  lose  sensible  heat,  and  may 
become  cold. 

Wh«n  a  chemical  decomposition  is  effected  by  heat,  if  heat  had  been 
CTti'lved  during  the  fornintioii  of  the  [■ympoiiiidj  bent  must  bo  continuously 
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suppliwi  to  (111  l.iic  wurk  of  (IccoinpoiiiUnn.  Tlu*  lit^nt  xiipiiliccl  ha»  ihe  vffect 
of  tbro«-ing  tlie  innlectil«  into  siick  Oftitalioti  ibat  the  niuMuil  affinity  of  the 
atoms  caonot  retain  them  in  union.  Tliis  i»  the  procees  of  DiasociatioQ 
or  ThcTiDolj'BisL  4^1  mo<lenit«Iy-Hi^b  teniperaturea  the  atoms  reunite 
with  otlu-n  which  thvy  eiiccimt«r ;  «t  v«ry  h-igli  t«iap«ratiu\<s  (3000'  C  ia 
Ika  COM  of  oxygon  uiiil  hydrogen)  uu  such  nuu'iuu  is  pOMsiblt-,  aiui  Uk-  dc- 
eampoxitiun  in  tuuipk-li',  TIliis  lLl-  pniportjun  uf  ilLL'tiitipusLtl  to  upiuinrntly 
undcconipoKcil  inalcrial  viuriiw  witli  tliu  tfni])cmtiin!.  TIil'  process  ia  favourrci 
by  one  or  more  of  the  reBiiluinl^  of  cli^uctiition  being  gaflcnuB,  After  dis- 
aociation  the  w^pamted  elements  again  conlain  potential  energy  equid  ta  the 
li£At  exprndp.d  up(>n  them,  and  upon  (*.onling  they  nmy  recombinc  with  the 
evolution  of  tltis  energy  in  the  form  of  heat,  which  ia  gnduaUy  loet. 

In  general,  ei^ert/  Change  in  the  State  or  Condition  of  a  body  or 
ft  system  of  bodies  is  associated*  with  a  Chatige  in  tlie  Intrinsic 
■  Potential  Energy  of  the  body  or  the  system  :  and  this  change  is 
accompanied  and  manifested  either  by  the  liberation  of  Knei'gy 
in  some  fonn,  useful  ur  useless — r.rj.,  work  or  heat — or  else  by 
the  disappcara'ncc  of  Knei^'  which  is  spent  in  producing  the 
change  of  statu,  and  is  either  taken  in  ab  extet-no  or  is  trani^fcrred 
from  the  kinetic  cnerj^  already  jjossessed  by  the  body,  as  ia  shown 
in  the  imliTiary  case  by  that  body  beconaiug  cold. 

Thus,  if  a  (^uaDtJty  of  air  in  a  cylinder  ba  Buddeoly  canipre»ed  by  nieasB 
nf  exUrior  work  done  upon  it,  it  bu-coniee  hot ;  if  the  piEtoR  be  allowed  to 
retiirn,  the  air  cools  down  to  it-*  fortiier  t«-niii'n\lUK; ;  Iml  if  it  be  kept  com- 
pretMcd  until  it  has  (uwiimtd  the  t«mpi^rnlurc  (if  »iirrniinding  ol>jcct«>,  and  be 
then  allowed  to  drive  the  piston  out  agatuat  nlmosphcnc  pressure,  it  becomea 
very  cold,  for  it  obtains  the  energy  required  to  do  the  work  of  driving  out 
the  piktun  at  the  exjtense  of  ita  own  heat. 

If  the  system  A  disengage  z  units  of  energy  (as  heat,  or  in 
any  other  Fomi)  on  being  let  down  to  the  condition  B,  and  if  the 
same  system  A  disengage  y  units  when  it  acquires  the  eonditJon  C, 
then  the  system  B,  on  being  let  down  to  the  condition  C,  will  dis- 
engage energy  =  y  —  r.  Conversely,  if  B  and  C  resjiectively 
require  energy  x  and  y  to  enable  them  to  l)ecome  converted  into 
the  system  A,  the  system  C  requires  energy  =  y — t.  in  order  to 
enable  it  to  become  the  system  B. 

Tilt)  relatlvL-  oinunuts  of  cla'iuitMil  energy  in  orguniu  cuiii[juunds  luuy  bo 
QBtimated  by  findiug  thi-  auiuuiit  of  hmt  which  they  Kvulve  whun  they  are 
bumail  BO  us  to  form  carbonic  anhyilride,  water  (nnd  nitrogen). 

What  in  the  intriiisic  energy  of  Acetic  Acid  ?  60  gmmTnen  of  nc«tie 
acid    are    found   (Berttielrft)   to   dL^ngage    on   coinhuetian    210  Caloriea  of 


*  This  ReoonU  cxjni'luxiQn  in  subject  to  the  qiuiUflcalion  tliai  the  L-huii|{e  of  stat« 
ot  condition  intwi  bo  a  rr«l  mip,  not  unii  which  conrisla  in  »  mere  repliu'ement  of  tlie 
[MrLiclcA  occapyiiii;  ■  KJvcti  punitian  l>y  otliKni  pliyiieoUy  Kiiuiliir,  ur  by  n  im^rc  eiiaiigu 
of  the  directiou  in  which  liuiilar  parta  of  tlie  inbtitance  lis. 
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hvnt :  3'S  Caluiive  ot  145.^05-8  luegergB  per  gramme  Tlio  tuul  intrmrie 
putculiid  energy  ot  airtiic  acid  tvu  do  not  kaow  ;  the  namber  gi\'eii  imlicates 
tbe  total  nniDunt  available  uq  cuiiibuatiun  witli  oxy^cu.  iLa  elemmts, — 24 
graaimefi  of  uirbon,  4  of  hydrci^ti,  and  32  of  oxy^ii, — yield  on  combtudon 
326  CftlorifJi.  Ttto  tiiffereiice  betw.;eii  llie  "  CombufltJon-eqnivaletit "  of 
nc<>tic  lund  ontl  thiit  of  it«  elements— thnt  is,  1 16  Calorien — i»  tlift  lot&I  nnionst 
of  energy  lost  by  thp»  milmtaiioi'S  when  lliey  pn*s  thnniKh  the  changes  (wbat- 
i:ver  be  the  number,  the  niLturf,  or  the  order  of  these)  in  which  they  p&M 
front  the  !<tat«  of  fn:e  cleuicnta  to  that  of  acetic  acid. 

Oil  iif  lemuiii,  turpentine,  and  terbene,  which  have  the  asme  chemical 
coEUititiitiuii,  BM'iii  to  bavt>  a  dllferent  iiitr^jnuleuulnr  nrran^^emertt,  fur  on 
coiubuxtion  tbcv  rvolvn  dinVivnt  iiiuountx  of  IikiiI.  Tbi>  i<hows  that  tbe 
poti.'iH.iiil  *iKTHy  *'f  Uiw  nioWuk't  i*  dilTervcit  in  each  tnitc. 

Anii>rphouH  sulphur  ke|>t  in  a  solution  of  sulplumtted  hydrogen,  becotnw 
octobedral  sutptLiLr  with  ahsorption  of  bi.>at 

When  zinc  is  dissolved  in  sidphurio  acid,  a  certain  amount  of  energy  ia 
liberated  ond  heat  in  erntved  :  when  zino  is  unalganiatvd  with  mercury,  it 
beeoDin  cold  unless  huAl  be  supplied  :  when  amnlgaioatcd  sino  in  diseolvcd  in 
sulphuric  acid  it  evolveB  mure  heat  tliaii  unainnl|;{iuiiut4>d  zinc  does,  and  that 
by  an  fttnchunt  exactly  equal  to  that  absorbed  ciuring  amalgamation. 

The  absolute  amoimt  of  energy  liberated  or  ab&orbod  daiing 
any  change  of  state  is  independent  of  the  rate  at  wliich  the  change 
is  effected. 

A  slow  chiinj^a  of  Btate  (as  in  the  proccsaeti  of  decay  or  of  the  oxidation 
of  the  tisHuea  of  an  animal)  evolves  tbc-  same  amount  of  butt  as  a  ntpid  change ; 
the  temperature  in  thi:^  former  ease  is  lower  tban  in  the  latter,  because  the 
lapae  of  tiuii?  allowB  a  uicire  erjuahle  distribution  of  the  heat.  Thus,  a  gramiUK 
ijf  hydroyen  au'l  8  yranimfi*  of  nxygen  will  evolve  enough  heat  to  nise 
34-382  kilca.  nl  wtiI.t  in  u-iiiprature  by  1°  C^  or  343'6S  kilos  by  ^*  C. ; 
this  it  will  do  wbetlier  llii'  cuitibinnliou  be  eiploaive  or  gradual,  jw  wliea  the 
({ates  un.>  induced  elowly  tn  combine  by  thin  pre"eiii»  of  ndled  platinum. 
Tlje  final  condition  of  the  water-vapour  miwt  Iw  the  same  iu  both  cas»  :  if 
this  be  not  home  in  mind  the  amounts  of  oncr^y  evolved  diiring  couibination. 
will  np[iear  to  differ  in  the  two  caeea  by  an  amount  equal  to  the  work  which. 
miut  be  douu  in  urdur  to  convert  the  one  final  state  into  the  otber. 

When  a  system  of  bodies  passes  from  one  state  to  another  it 

ia  a  matter  of  indilfurence  what  the  intermediate  changes  hare 
been  so  far  fi»  cuiicenia  the  absolute  amount  of  enci-gy  liberated 
or  alworbed  ;  the  aysLeni  A  may  have  iii^sumed  the  conditions 
C,  1),  etc,  and  that  in  any  order;  but  the  amount  of  eneigy 
liberated  depends  uuly  on  the  initial  state  A  us  compared  with 
the  Quid  state  B. 

If  it  had  h-tiTt  aiivrrnsa,  the  perpetual  motion  might  be  realiMid  ;  for  it 
mttjbt  hv  |>0(t»ibliL'  to  effect  a  change  from  A  to  B  by  one  series  of  tnuufomui- 
tioas,  and  to  etfeet  tlie  revcntc  operation  by  Jinother  series,  such  that  tbe  ooft 
seriea  of  changes  would  evolve  more  energy  than  the  converse  one  consumed, 
and  the  if>ult  wonb)  W'  a  re[M-ated  re.itoration  of  the  8Jaiiu</iio,  a&aoeiated  with 
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&  perpetual  sii[>]}l]r  of  taet^;  Avniliible  for  tuoful  work,  and  cmxtcd  out  of 
DothinK. 

The  energy  absorbed  by  a  system  during  a  given  change  of 
state  is  exactly  equal  to  that  \vhioh  is  liberated  when  the  change 
is  reversed. 

It  is  uttumed  in  tliia  iLateroent  that  no  extenor  work  is  done  tbroUKh  tli« 
iti*U'uniea.tuIit7  of  llin  vhmi^  of  ntjite. 

The  potential  energy  ot  every  system  of  botliea  always  tends 
to  diminish,  as  far  as  possible.  Every  system  which  possesses 
potential  euer},'y  thus  tends  to  lose  it ;  its  potential  enci'gy  tends 
to  become  kinetic,  and,  if  it  assume  no  other  form,  to  take  the 
uuspecialised  form  of  heat.  In  any  system  which  nnder-^oes  spon- 
taneous transformation,  the  transformation  tends  to  take  such  a 
conrae  that  the  heat  evolved  by  it  shall  be  a  maximum.*  If  there 
be  any  such  transformation  possible,  which  would  be  accompanied 
by  the  evolution  of  hioat,  that  w  a  necessary  transformation,  and 
sooner  or  later  it  will  take  place,  directly  or  indirectly,  the  poten- 
tial energy  of  the  system  being  added  to  the  unavailable  heat  of 
thi!  universe. 

In  many  cases  a  single  change  of  state  may  be  analysed  into 
several  others.  The  hent-value  of  the  tot&l  change  is  equal  to 
the  sum  of  the  beat-valuug  of  the  separate  component  changes. 

Tbua  when  a  piece  of  sodium  is  put  into  water  th«  follow^iag  clionges 
occur  [tiniiiltauuoutly : — (1 )  ducuiiii>usitiuu  of  waWr  inla  free  atoiuH  uf  liydrogca 
■ad  oxygen ;  (S)  reduction  of  hydrugc^u  to  the  [jaiMuUH  state ;  (3)  coulesccntw  of 
atDQis  of  hyJrogen  lo  form  laulttulta  ;  (4)  t'lterior  work  done  by  tlic  liydro- 
gen  «ca[^ing  ngainet  atmoHphciric  prceaviro  ;  (fi)  uonibinutioti  of  atMlium  with 
oxygen  and  hydrngen  atoms  to  form  sodium  hytlratc  ;  (6)  aolutinn  of  andinm 
lijfxlrate  in  water.  Eiich  of  these  changes  haa  ita  own  heat-valtie,  poHitive  or 
negative,  ncoordinf;  iw  it  iuvolvft*  the  ovnhition  or  the  ahsorption  of  ii  cvrtain 
amount  of  en«rKy, 

The  combuetion  of  8  jjim".  oxygen  with  1  griii.  H.  yi«ld«  U4'4QSt  Cals. 
heat  The  same  ijttaiLtity  of  the  w»me  elements  combiniujj  in  the  naecent  state 
yields  54'CS3  Cals.  IleDCv  the  heat  evolved  during  the  coiiiburtion  of  odc 
gramme  of  hydrugen  i»  the  reiultaut  of  un  abeorptiun  of  energy  CS0'I61  CaU.) 
due  to  thv  bri}ak-up  of  the  k^uuuh  uiuleculea  iulo  aloms,  aud  an  evolution 
(54*623  Culs.)  due  to  the  cuuihiiuLliuu  of  th«»if  atums  in  the  foruxatiou  of 
water-molecuteB. 

Wbsn  a  (^  ia  dIsaolTed  in  water  there  are  two  eBvcts; — (a)  liquefaction 
of  gas  with  evolution  of  heat ;  (h)  BatiiifBctiDa  of  chemical  affinity  between 


•  Bcrthelot'a  Muanii{iLt  Chimique,  contains  the  very  intorwitiiig  and  imporunt 
mulbi  of  sixteen  y(iirg'ox[>Drimrnitaoti  thisasij^ct  of  irboiuicul  physicit.  M.  Bcrlhclot 
has  throwu  ^at  Ujilit  uu  tlie  siubJuL't,  uid  he  ti^ves  very  coniiilete  referocicea  to  the 
papers  of  ThomKD  i^ud  others  who  havo  etudiod  cboniical  rmcttons  frcnu  thin  point 
of  view. 
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tlie  water  aod  the  gafi,  wiLb  the  eTolutifln  of  still  mon:  heat.  When  m  mUd 
»  dinolveil  in  witter  the  liqucfnclinn  of  the  Bnlul  cnu&<!B  the  abeorptioii  nf 
heat  (m  fiL  freezing  tnixtureit),  wliile  the  IntU-r  efTect  stiU  cniiwH  itA  evnlntion. 
When  f;liicial  ncf^tic  nctrl  in  (ii!»olv«d  in  wat«r,  the  abforptinn  of  bent  cauhcI 
hj  impartiof;  (greater  fluidity  to  the  acetic  acid  orcrpowcn  the  cvolntion  of 
htsaL  due  to  chemical  onioii. 

When  two  or  more  changes  of  state  occur  concoirently,  it 
may  be  that  some  of  these  changes  are  accoiDpaoied  by  the  libera- 
tiou,  some  by  tlie  absurptiou  of  lieat,  aud  Uiat  tlitise  chau^us 
exactly  compensate  each  other  ;  the  result  beiug  tliat  ou  the 
whole  there  is  iieitlier  abHoriftioii  nor  liberation  of  energy  in  the 
form  of  heat. 

For  example,  a  gas,  while  expanding  against  the  atmospheric 
pressure  (from  whatever  cause),  does  work  tn  lifting  the  atmos- 
phere; if  it  increase  in  volume  alone,  without  undergoing  any 
change  in  its  temperature,  energy  must  ho  supplied  to  it  in 
order  to  enable  it  to  do  this  work  ;  if  it  diminish  in  tempera- 
ture without  suffering  any  change  in  its  volume,  it  must  neces- 
sarily lose  heat ;  if,  on  the  other  hand,  it  undergo  both  these 
changes — increase  in  volume  and  diminution  of  temperature — 
concurrently,  it  is  possible  that  these  two  changes  may  be  so 
adjusted  that  the  body,  while  it  undergoes  the  double  change, 
neither  loses  heat  nor  ac<iuire8  energy  from  without-  Such 
expauKiou  is  called  (l^i^inkine)  adiabatic  expansion — expansion 
during  wtiich  the  substance  neither  gains  nor  loses  heat  by 
conduction  or  radiation  to  or  from  surrounding  objects.  This  is 
a  kind  of  opemtion  wliich  could  only  he  perfectly  realised  in 
proctico  if  the  expansion  were  infinitely  rapid ;  but  any  gas 
suddenly  expanded  is  thus  chilled.  Conversely,  aJiahatic  con- 
tractictn  of  vohimc  is  a.'^sociated  with  iucrtiase  nf  temperature. 

We  have  hitherto  regarded  any  single  chatige  of  state  as  a 
possible  antecedent  cause  of  the  liberation  or  of  the  digappeat- 
ance  of  heat.  We  shall  now  change  our  standpoint,  and  consider 
the  eflects  (iucludiug  change  of  state  or  of  condition)  produced  bjf 
the  increase  of  heat  in  a  bffdy  or  by  its  witlidmwal. 


KiTBuxa  OK  Hkat. 

The  principal  eflects  of  an  increase  of  heat  in  a  body  may 
the  following : — 

A.  Internal  Work. 

a.  Increase  of  the  kinetic  energy  of  the  molecules  of 
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the  body — an  increase  of  the  sensible  heat  of  the 
body  ;  i.e.,  an  incruiise  of  temperaturt. 
h.  IiUcrmoU^ttlur    work — work    doue    by    or    agaiiist 
molecular  forces — chauge  of   volume,  change  of 
cohesiuu,  diuii^ti  of  tilasticity,  etc. 
e.  iTitTamolecular  work — work  doue  within  each  several 
molecule  —  production   of   intmniol ocular  vibra- 
tions. 
d.   Ckevikal  work,  intcrmolecular  and  intrainnlccular. 
B.  External  Work. — "Work  done  by  or  on  a  body  as  it 
exjjaiidg  or  climinishoH  in  bulk. 
These  cffecta  are  not  necessarily  all   produced   by  Llie  action  of 
heat  upon  any  gubsUince. 

There  may,  as  in  the  following  example,  be  no  external  work 
done  when  a  body  is  heated ;  the  whole  energj-  imparted  to  the 
body  being  spent  upon  the  internal  accumulation  of  energy  in  the 
form  of  heat.  Water  at  3'4"  C.  if  heated  to  4'4"  C.  first  contracts 
and  then  i-etiims  to  its  original  dimensions.  On  the  whole  there 
is  in  tliis  ease  no  external  work  done.  Neither  is  tliere  any 
work  done  in  giving  the  particles  a  new  position  iu  opposition  to 
the  iuteruiolecular  forces,*  nor  is  there  any  chemical  effect.  The 
whole  heat  imparted  may  thus  be  held  to  be  spent  in  raising  the 
temperature  by  1*  C. 

Wlieu  a  liar  of  iron  is  heated  in  a  vacuum  there  are  two 
effects:  (1)  iiici-ease  of  temperature  ;  (2)  expansiou  of  the  iron, 
which  represents  work  done  against  the  molecular  forces.  When 
the  same  bar  is  heated  in  air,  there  is  added  a  third  eifect, 
viz.,  the  thrusting  aside  of  the  surrounding  air  by  the  expanding 
bar,  in  consequence  of  which  exterior  work  is  done  during  expan- 
sion. In  a  bar  of  iron  the  exterior  work  done  in  this  way  is  very 
small,  and  the  interior  work  done  predominates  so  largely  tliat 
the  exterior  work  may  for  many  purposes  be  neglected. 

When  a  mass  of  gas  is  heated,  the  work  which  is  done  in 
expanding  the  gas  itaelf  is  appreciably  null,  for  tliis  is  one  of  the 
characteristics  of  gases ;  if  there  be  any  work  done  during  the 
expansion,  it  is  all  exterior.  The  effects  in  this  case  are  two : 
(1)  the  increase  of  tempciature  ;  (2)  exterior  work  done  in  over- 
comiDg  the  exterior  (atmospheric  or  other)  pressure. 

When  water  above  S-i)'  C.  is  heated  it  expands.  The  efiects 
are — (1)  increase  uE  temperature  ;  (2)  work  doue  in  separathig  the 

*  ThUstAtAmciit  ia  only  npproximfttoly  true,  for  thflw  4r<?  pbynicAl  ilifTcrrnrp*— 
of  vbuQBiiy  am)  the  like — becwwii  inter  at  3'4'  0.  hnd  water  at  <'<*  C. 
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uiolecultNi;  (3)  a  small  amount  of  work  dune  agauist  tlie  external 
pressure. 

Whett  water  lietweea  0°  and  3'9°  C.  is  heatetl  it  coutracts. 
The  effects  are — (1)  increase  of  temperature;  (3)  intennolecular 
work ;  (3)  a  small  amount  of  work  done  by  the  external  pressure. 

Wbeu  a  piL-c;?  of  caoutcliouc  in  lie-uU'iI  it  cuntrucu  ;  wliuii  ]>u]led  it 
expniiila  and  atuniniQa  tlio  OimpnEtona  proper  to  a  lower  tcniiwraturi:,  intm- 
moUcnl&r  e-net^  in  Bet  free,  ii.nd  the  caoutchouc  becnmes  warm.  A  piece  of 
metal  tuiiddcnly  extcDfled  beoonieis  cool. 

When  ice  at  0*  C.  is  beated  the  whole  energy  imparted 
to  it  is  expended  in  producing  the  following  results: — (1) 
Fusion,  with  contraction  of  volume  (intennolecular  work — work 
spent  in  producing  a  new  arraugenient  of  the  molecules) ;  (2)  A 
slight  omouut  of  work  done  hy  the  exterior  pressure  on  the  body. 
The  latter  umy  bn  fur  most  purposes  neglected ;  if  «'e  do  so  we 
may  say  that  ail  tlie  heat  supplied  to  the  ice  is  spent  in  doing 
tlie  interior  work  of  liquefaction,  and  that  none  of  it  is  spent  in 
pi'odticinj;  tiu  increase  of  teiriperd.ture.  "When,  therefore,  a  piece 
of  ice  ia  heated  it  melts,  but  it  does  not  rise  in  temperature 
untfl,  it  bos  been  wholly  melted.  The  water  protluced  has  a 
temperature  of  0°  C,  and  it  does  not  begin  to  rise  in  temperature 
until  the  ice  has  entirely  disappeared  :  when  this  has  occurred, 
the  continut^d  action  of  heat  causes  the  water  to  rise  in  tem- 
perature. 

A  kilogramme  of  ice  at  0'  C.  absorba  80'0S5  3une«ii)  Calories  of  Im«^ 
ajict  bccumus  a  ktlogmiunie  of  water  at  0'  C  Cuuvortjcly,  a  liilognumaw  of 
wal>*r  ut  0°  C.  mu!«t  continue  to  Ioh;  hutt  until  it  lias  partvd  with  dO'OSS 
Culuritu!  bcforu  it  cun  bvuoiiiu  u  Itilof^nuiimu  itf  ice  at  O'  C  ;  whence  wo 
obnrro  that  water  cloc»  not  fretzu  throughout  at  the  inatant  of  the  thei^ 
mometci'a  touiihinp  the  fretzing  point. 

It  wiw  «bvii>Uht  that  ft  kilo,  nf  water  diffi^rnd  ficim  one  of  lev.  iu  (•i)melH>w 
possciwiu;^  filiuij.'b  Cidii.  of  hwit  ;  but  tbi*  wiw  not  ncoMltK-.  tii  [he  tlK-niionietw  ; 
Iivnc4.t  ibw  hvei.  »o  powi.'Jixttd  by  tlii.-  WMtt-r  wiu  Hitirl  to  bu  hidden  or  I^atetit 
Heat.  We  now  know  that  it  iil  not  heat  al  any  kind  ;  it  is  lat«nt  or 
potential  energy  ;  work  must  be  done  upon  ice  in  order  to  convert  it  into 
the  more  highly-otremed  condition  of  wnter :  wat«r  tUBers  from  ic<3  at  the 
HuiG  temperature  iu  possesaing  niore  potential  energy. 

Direct  increase  of  the  kinetic  energy  of  the  particles  of  a 
heattid  gas  m  deiiion&trated  by  tlje   Kadiometer. 

If  a  surface  be  lieated,  a  molecule  of  gas  striking  against  it 
is  heated;  it  leaves  the  hot  surface  with  a  velocity  greater  than 
that  with  wMch  it  had  approached  it,  Tf  the  surface  be  fixed, 
the  gas  in  front  of  it  is  driven  away  from  it  by  the  bombardment 
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of  the  molecules  which  have  touched  the  hot  surface,  and  on  their 
return  strike  their  fellow-molecules ;  in  front  of  the  hot  sorface 
the  gas  is  therefore  under  a  greater  pressure  than  it  would  have 
tiecn  had  the  surface  been  cold.  If  the  hot  surface  be  not  fixed, 
this  increase  of  prenaure  lias — reaction  being  equal  and  contrary 
to  action — a  tendency  to  drivB  that  surface  backwards. 

If  tlie  hot  surface  he  the  front  aspect  of  a  disc,  the  back  of 
which  is  bj  some  means  kept  colder  than  the  front,  and  if  this 
disc  be  suspended  in  a  gas,  the  heat  of  the  front  surface  increases 
the  pressure  towards  the  front,  and  the  gns  flows  round  to  the 
back  of  the  disc.  Thereafter  the  disc  is  struck  on  the  hotter 
surface  by  fewer  molecules  xinth  greater  velocities,  on  the  colder 
surface  by  a  jjreater  numbwr  of  molecules  with  lesser  velocities  ; 
there  is  thus  compensation ;  the  result  is  that  the  disc  is  equally 
pressed  upon  in  front  and  on  the  back  ;  it  does  not  move. 

Let  us  uovf  suppose  that  the  particles  reooiling  from  the 
heated  surface  do  not  meet  other  molecules,  but  impinge  on  the 
walls  of  tlie  vessel  A  layer  of  particles  in  such  a  condition  is 
called  a  Crookta's  layer. 

This  will  occur  iu  two  case* — (1}  wlicu  the  ffi»  is  »o  mrefiLvl  tliot  tin- 
mean  free  path  uf  the  mnlecul«fl  'exceedfi  the  ilistance  Wtw^cn  tlic  liot  eurfocc 
and  the  walla  of  the  veaacl  ;  (2)  when,  whatever  the  (ieiinity  of  the  gaa,  Uie 
oppneitc  waU  »  Ba  near  the  hot  Knrlacc  tluc  the  ^lubuice  beCveen  them  is 
leBS  than  the  dttiml  ineAU  free  path  of  the  tnoletnilta.  Thcwe  condition!'. 
whirh  nre  siit>stuntial1y  identical:,  nt»y  concur  :  th^rc  may  l>c  1>oth  ittrefArtirin 
of  th«  fiu  and  approximtititin  of  the  opposed  mrfacM. 

In  such  a  case  there  is  no  flow  of  gaa  from  the  hotter  surface 
towards  the  colder  one  ;  each  moleculo  which  strikes  the  hotter 
Burfacc  and  rebounds  with  a  greatttr  speed  adds  independently  to 
the  recoil  which  the  hotter  surface  suffers,  and  if  the  hotter  sur- 
face l>e  movable,  it  is  driven  backwards.  Tf  it  hi-  not  movable, 
the  particles  which  rebound  from  it  strike  the  opposite  wall  of 
the  containing  vessel,  and  that  wall  has  a  tendency  to  move 
forward. 

There  la  yet  another  case :  if  the  rarefaction  of  the  gas  be 
extreme,  the  particles  which  strike  the  heated  surface  are  few  in 
number  or  none  at  all,  there  is  little  or  no  recoil,  and  there  is  no 
movement  set  up  when  the  rarefaction  is  carried  too  far. 

The  disc  of  which  we  speak — a  disc  of  which  one  face  is  kept 
hotter  than  the  other — may  be  a  disc  covered  on  the  one  side  witli 
some  heat-ali-sorbent  material  such  as  lampblack,  the  otlier  face 
being  wliitened.     When  radiant  heat  or  light  falls  upon  the  disc. 
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even  iu  a»  equally -lighteil  field,  the  blackcued  side  beoomeB 
hotter.  If  audi  a  disc  he  suspeuded  vertically  by  two  threads,  it 
will  divei-ge  slightly  fnjin  the  perpuudiculur.  Such  a,  disc  may 
be  attached  to  the  eud  of  a  cDuiiter})uised  rod,  the  whole  being 
suspended  by  two  threads:  the  effect  of  heat  or  light  is  to  twist 
the  suspending  threads  to  a  certain  extents  If  the  suspcnaon* 
arrangement  he  replaced  by  a  pivoting  one,  we  have  the  Kadio- 
meter.  A  globe  of  glass,  in  which  a  vacuum  is  made,  carries  a 
vertical  needle  axially  fixed,  on  the  summit  of  which  is  poised  a 
Totaticg  vane  consisting  of  light  rods,  to  the  extremitie-i  of  which 
discs  are  affixed,  each  stiollarly  blackened  on  one  side.  Stich  an 
instrument  placed  in  light,  even  a  nni form ly-ligh ted  field,  has  the 
black  sides  of  its  discs  more  heated  than  tlic  unbkckcned  sidea, 
and  if  the  radiance  be  of  sufttcicnt  energy  the  I'une  rotates. 
Moonlight  is  ton  weak  to  produce  this  effect :  a  candle  will  moke 
a  scDJ^itive  radiometer  rotato ;  a  parafhn  lamp  without  a  globe 
will  at  close  quarters  moke  tlie  vane  lly  round  so  fast  as  to  be 
invisible. 

If  a  radioiimter  be  floated  in  water,  and  if  the  vane  be  so 
constructed — one  of  its  spokes  being  a  magnet — tliat  a  powerful 
magnet  iu  the  neighbourhood  can  hold  it  motionless,  when  the 
radiometer  is  exposed  to  light  the  bulb  it^sclf  will  rotate  in  Um 
water  in  which  it  floats. 

The  radiometer  is  a  machine  in  which  heat  ('generally  derivi 
fVom  the  transformation  of  light  into  heat)  is  directly  converted 
into  the  enei^  of  work. 

The  less  the  distance  between  the  discs  aud  the  walls  of  the 
bulb,  the  greater  will  be  the  effect,  and  the  faster  will  thu  vane 
rotate,  provided  that  the  raiefactiou  is  less  complete  than  that 
which  gives  the  greatest  elTecL  Toe  complete  a  rurefaction  is  not 
an  advauiage,  for  it  leaves  an  iiisufKcient  supply  of  working 
molecules. 

When  the  distjince  between  the  disc  and  the  opposite  wall  is 
excessively  small,  the  vacuum  need  not  he  very  good ;  indeed  the 
effect  of  repulsion  may  be  made  manifest  even  in  the  open  air. 

Wlien  a  drop  of  wiiter  is  pliucd  upon  a  very  hot  iron  it 
assumes  the  so-called  Spheroidal  State ;  it  does  not  wet  the  hot 
iron,  hut  gathers  itself  into  a  drop,  which  rapidly  evaporates  and 
alters  the  local  conditions  of  its  surface  tension  so  as  to  present 
an  appearance  of  varying  scroll-work  on  its  surface,  while  the 
drop  oscillates  so  as  to  present  the  form  of  rosette  and  other 
patterns,  these  being  due  to  the  formation  of  uodes  and  vibratiug 
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loops.  Tlie  drop  may  be  of  very  cousiilerable  diineiiaions  — 
several  ounces  in  weight.  It  dues  iiot  touch  the  iron  ;  tliere 
is  an  intervening  layer  of  aqiieona  vapour  on  which  it  floats  ; 
through  the  space  intervening  hefcween  the  drop  and  the  hot  solid 
the  light  of  a  caudle  mny  be  seen.  This  layer  of  nqiicnna  vapour 
ia  a  "  Crookes's  layer ; "  particles  strike  the  heated  surface,  re- 
bound, and  strike  the  liquid,  thus  maintaining  a  clear  apace 
between  the  metal  and  the  drop.  Ether  and  small  drops  of 
bromine  float  in  the  same  way  on  the  surface  of  hot  water.  A 
lump  of  cdTbonat*  of  ammonia  thrown  into  a  red-hot  platinum 
crucible  assumes  the  Spheroidal  State  superficially,  but  does  not 
melt.  The  hand  can  be  safely  immersed  in  melted  metal  if  it  be 
not  too  dry,  and  if  tfie  immersion  be  eBected  with  a  certain  degree 
of  prompt  dclihoratiim  ;  a  Crookes's  layer  intervenes  between  the 
hand  and  the  metal. 

Wheu  liquid  sulphurous  acid  is  dropped  into  a  white-hot 
platitium  crucible  it  sinks  greatly  in  tempemture  on  account  of 
ita  rapid  evaporation  and  its  slow  reception  of  heat  across  the 
Crookes's  layer;  if  a  little  water  he  added  to  it  the  water  freezes. 
Ice  can  thus  be  produced  in  a  white-hot  platinum  crucible.  A 
similar  Crookes's  layer  is  formed  if  a  quantity  of  solid  carbonic 
dioxide  be  lightly  placed  on  the  tongue ;  the  extreme  cold 
(  —  80°  C.)  is  not  felt. 

Wlien  the  hot  sohd-body  cools  down,  the  Crookes's  layer  dis- 
appears, the  liquid  suddenly  comes  in  contact  with  the  solid  still 
relatively  hot,  aud  the  liquid  explodes  in  vapour.  This  occuis  in 
the  case  of  water  and  iron  at  about  ISO"  C 

Increase  of  Temperatare. — We  have  freely  made  use  of  the 
tcnn  temperature  because  it  is  a  term  in  common  use,  and  not 
likely,  so  far  as  we  have  used  it,  to  lead  to  ambiguity.  We  have 
still  to  defer  the  consideration  of  thermometry  ;  but  we  must  now 
consider  increase  of  temperature  as  directly  due  to  increase  of  the 
molecular  kinetic  energy  of  a  body.  "WHicn  we  double  the  moloc- 
\ilar  kinetic  energy  of  a  hot  body  we  double  its  temperature. 

Observe  tliat  it  ia  not  asaerted  that  wc  double  tbc  temperature  when  we 
doabli:  t1i(!  toUtI  energy  of  a  body  :  some  tuay  disappear  in  doing  work,  fu 
latent  lu'ut. 

This  inipliea  that  there  must  be  some  point  of  Alisolutc  Zero 
of  tomperature,  indepenilent  of  the  conventions  of  Fahrenheit, 
Celsius,  and  otliers,  aftttrvvards  to  he  explaine<l — a  point  of 
absolute  cold,  beyond  which  no  cooling  is  conceivable. 

We  have  already  seen  that  in  a  perfect  gas — one  in  which 
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there  is  no  complicatioa  due  to  iDter-molcctUar  forces-^the  pres- 
sure is  proportional  to  the  kiuc-tic  energy ;  the  temperature  is,  or 
may  by  definition  be  hcKl,  proj>ortioiial  to  ihe  kinetic  energy ;  it 
follows  Uiat  the  temperature  is  proportional  to  the  preasuia  It 
is  fonnd  that  in  all  gases  the  pressure  diminislies  by  about  ^j 
for  each  centigrade  degree  of  cooling,  the  temperature  of  0*  C 
behig  the  starting  point,  and  the  volume  being  maintained  con- 
Btant  If  a  gaa  could  be  cooled  down  in  this  way  to  —  273°  C. 
(a  feat  unachieved),  it  would  have  no  pressure  and  therefore  no 
temperature,  for  it  would  have  no  kinetic  energy,  no  beat.  The 
Absolute  Zero  of  temperature  is  therefore—  273°  C.  (or  more 
accurately  —  27 3'''72  C),  and  the  Absolute  Temperature  of 
a  body  whose  temperature,  as  measured  by  the  centigrade  ther- 
mometer (see  p.  358),  is  x"  C,  is  {273  +  x)"  Aba. ;  thus  the  boil- 
ing point  of  water.  100'  C,  is  373°  Abs. 

Specific  Heat. — The  heat-encxgy  of  a  molecule  of  hydrogen 
is  equal  to  that  of  a  molecule  of  oxygen ;  but  the  latter  weighs 
sixteen  times  as  much  as  the  former,  and  a  mass  of  hydrogen 
contains  Hiixteeu  times  as  many  molecules  as  au  epial  7/uus  of 
oxygen  under  similar  physical  couditiotis.  Hence  a  given  mass 
of  liyilrogen  at  a  given  temperature  possesses  sixteen  times  as 
much  heat-energy  as  an  equal  mass  of  oxygen  at  the  same  tem- 
perature. 

To  produce  a  given  rise  in  the  temperature  of  a  mass  of 
hydrogen  we  must  supply  sixteen  times  as  much  beat  as  we 
would  find  necessarj'  to  produce  an  ecpial  rise  of  temperature  in 
An  equal  mass  of  oxygen;  the  specific  heat  or  thermal  capacity 
of  hydrogen  is  sixteen  times  that  of  oxygen. 

In  general,  the  lighter  the  molecules  of  which  a  substance  ia 
made  up,  the  more  numerous  niu.st  they  be  in  a  given  mass,  and 
the  higher  Uie  specific  heat  of  the  substance,  i.e.,  the  more  heat  most 
he  expended  upon  it  in  producing  a  given  rise  of  temperature. 

For  reference  and  comparisuu  a  stiuidard  of  specific  heat  ia 
necessary  ;  the  specific  heat  of  water  is  chosen  as  the  standard. 
One  Calorie  will  raise  the  temperature  of  one  kUogr.  of  water  from 
0°  C.  to  1'  C. ;  the  specific  heat  of  water  is  unity.  The  relative 
specific  heat  of  any  other  substaHce  ia,  accordingly,  the  fractional 
number  of  Calorics  of  lieat  required  to  raise  one  kilogr.  of  the 
substance  from  fl"  C.  to  l"  C. 

The  law  here  indicated — that  the  specific  heat  varies  inversely 
as  the  atomic  weight — is  based  on  tlie  assumption  that  a  mass  of 
a  heated  substance  behaves  like  a  group  of  isolated  moleculea 
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whicli  Iiave  nu  action  on  one  another.  It  is  not  surprising, 
accordingly,  to  find,  when  heat  supplied  to  a  body  is  spent  not 
only  in  raising  the  temperature  of  a  body,  but  also  in  doing  in- 
ternal and  external  work,  that  the  law  ia  only  appioximately 
obeyed.  Still  the  approximate  obedience  is  siifficiently  striking 
to  have  caused  Dulong  and  Petit  to  enounce  it  ns  a  law,  and  as 
such  it  bears  their  name.  It  has  been  utilised  as  one  means 
among  others  of  ascertaining  the  atomic  weight  of  different 
elements. 


Fur  ihc  farmala  sp.  heat  <ic 


we  may  HuL»titmc  «p.  heal  = '-  • 

at.  wt.  at.  wt. 


or  sp.  Iicat  X  at.  wt.  =  eomt.  This  constant  product,  which  hears  th«  name 
of  Atomic  H«aL,  is  abuut  6'-)  ;  lll(^  m^Lolj^,  jjhot^phorus,  eulpliur,  may  be  Hiid 
to  form  a  proiip  in  vrhich  it  varies  &om  6'86  to  6"93.  Divcrgi^nces  from  the 
aTcmge  value  are  mast  marked  in  th«  ctae  of  solid  liodiM,  In  the  caeo  of 
carbon,  uHcon,  and  boron  at  ordinaiy  teiuperatureii  the  produi^l  is  funall, 
being  about  3*3  ;  but  nt  higher  Ipnipcrature*  tije  fpvc^ific  heat  of  tbeje  t>ab* 
atnnteA  incrriuwit  tiu  Uitit  thu  prcMhict  riaus  to  about  6'5. 

The  Molecular  Heat  of  a  compound  is  approximately  equal  to 
the  sum  of  the  atomic  heats  of  its  component  elcnients :  tliia  rule 
applies  with  tolerable  accuracy  to  gaseous  compounds  formed 
without  nnmlensation ;  solid  and  liquid  compounds,  and  even 
gaseous  ccmpoiinds  whose  formation  from  their  elementj$  is 
accompanied  by  condeusation. — compounds  which  in  some  sense 
approximate  to  the  liquid  state, — depart  from  it  to  a  uiarketl 
degree. 

Tliis  product — the  atomic  heat  of  elements,  the  molecular 
heat  of  comjiounds^has  the  following  physical  meaning.  Of 
any  substanue  whc-^B  atomic  or  molecular  weight  we  know  we 
may  take  a  number  of  grammes  numerically  equal  to  the  atomic 
or  molecular  weight;  for  example,  ^Tro  grammes  of  chlorine,  16 
grammes  of  marsh  gas ;  we  may  call  such  a  quantity  the 
gramme-atom  or  the  gramme-molecule  of  the  substance. 
The  Atomic  Heat  or  the  Molecular  Heat  of  a  substance  is  the 
number  of  Calories  of  heat  necessarj'  to  raise  the  temperature  of 
a  gramme-atom  or  of  a  gramme -moleciJe  of  the  substance  through 
1°  C.  Tlie  atomic  heat  of  elementary  substances  is  approxi- 
mately the  same — another  form  of  iJuloug  and  Petil's  law. 

The  specific  heat  of  a  substance  determines  the  temperature 
whidi  it  will  assume  when  a  definite  quantity  of  heat  is  supplied 
to  it  or  liberated  in  it. 

TliUB  when  1  kilogr.  ftf  hydrogen  and  8  of  oxyRcn  arc  ejcploded  togolhor, 
34,462  Cbis.  of  hbut  arc  liberated.     If  we  could  easume  (he  action  to  be  in- 
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stontiuiL-ous,  w«  might  tiasiime  thnt  none  of  the  lieat  it  lost.     Tb«  34,463  Oals. 
would  tlicu  \k  divided  among  9  kilngrammeit  of  wster-vapour  U'hoM  mp.  be»t 


19  "476  ;  the  IcmpcrdtLui;  attoinud  would  be    . — - — ~ 

9  X  '47 B 


=  80(Jl'-3  C.  ftWve 


the  initial  tempuratiirc  Tlii«  tvuki  in  inrfnictifc  lui  slmwinn  the  influcmec  of 
diwociation  ;  for  whi-n  a  l*-mp<'mtiirr  of  3000'  C.  is  ocUially  aUuined,  farther 
rombination  becomes  impogsibii?,  and  the  action  is  arrested,  but  not  wholly, 
for  it  U  gradually  eompk-ted  paH  pa^su  with  the  loxs  of  heat  by  conductioo 
or  by  radiation.  If,  liowever,  Ihe  exploding  uiiiturt  bu  allowed  to  expand. 
ilninij  L-xtvnuU  work,  the  tciiipenitui'e  of  3000'  may  tivvtr  bi;  attained,  and 
the  ocliun  may  tniffer  no  auch  clivck.  Diw«i<:iaLion  \^  vaxy  at  low  prumnrM. 
Hvnce  at  low  [irt-JwiireA  thi:  runilnt^ticiii  of  u  candli;  is  ittuomplvtc,  and  iX» 
thune  IB  smoky. 

Where  a  siihstaiifie  while  liejng  liealetl  \a  iioL  allowed  to 
expftncl>  there  is  prcdmMy  no  intemiil  work  done ;  neither  is  there 
aay  external  work  done ;  all  the  heat  supplied  is  applied  in 
raising  the  temperature.  The  specific  heat  in  this  case  is 
specially  known  as  the  specific  heat  at  constant  volume.  If, 
however,  the  auhstance  be  allowed  to  expand  while  it  is  being 
heated,  an  external  prejisure  being  uiaintaiued,  both  e.\temal  and 
internal  work  are  done,  and  in  order  to  efl'eut  a  given  increase  of 
tempcratuit  more  heat-energ}-  is  rcq^uired  than  in  the  former 
case.  The  specific  heat  at  constant  pressure  is  therefore 
greater  than  thnt  at  constant  voliimt?,  and  it  is  found  in  gases  to 
exceed  it  in  the  proportion  of  1-4058  :  I. 

The  ratio  { - — ■ —  =  A  ]  of  the  specific  heat  at  comiant  proMuie  to  that 

ut  CQiisLant  vduiiie  may  be  fi^imd  in  two  ways. 

I.  Theoretical  coiiai<]erations  leait  to  the  conchiKion  (sec  Bnj-niin's  Tfurvu- 
dynamicg,  p.  134)  that  if  a  ^n»  middenly  cxcliaii^'u  its  pn«£uru  p,  its  denn^ 
p,  and  ita  absulutv  ti.-m{>urature  (,  fur  otlivn  p,,  ^,,  f,,  the  ratio  of  the  upaciflc 
hcata  being  k — 


Ins  j- 


+   1 


p. 


'-& 


log  ^         log  '- 

p<  p. 

Whonee  if  two  of  the  changes  p  to  p_,  p  to  j3,,  t  to  (,,  cau  be  found,  the  value 
of  k  may  be  calci]lat«H.i.  Tlie  experiujenlal  adlabulism  nvccaeary  ia  verj 
difitcult  to  uHBUiv  ;  Jut  Euiitgeu.  hws  ptrfoi-mcd  tht  following  serioH  of  opera- 
tions upon  known  (|uautiti(>!i  of  gag  und  dotcnnincd  the  valiiR  k  =  1-4053. 

1 .  QaR  in  a  ruaerv<iir  ut  a  preasmv  p  exweding  the  atinoapheriCt  at  densi^ 
p,  and  temi»eratiin.i  l'  Aba. 

2.  0)K'n  u  (itr)pcocb  :  air  nishca  out  of  the  peservoir  till  the  picamra  p 
faUa  to  11,  the  attiioispheric  preunre. 

3.  Immedialdy  close  the  Stopcock.  Tlio  air  within  tJie  rc»-'rvoir  »  «t 
pTesMUi'u  n,  hut  iiiut  been  cooled  by  doing  cxteniol  work  during  expansion  i 
it  com«i»  to  the  Kune  tvmj^eratureasRun'oundiugohjfictii — that  is,  again  ('  Aba.: 


I 
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it  now  has  tb«  pressun  p,  and  the  density  p,,  yrhxc^  con  W  founil  at  leisan-, 
add  th«  abovi!  fornmin  applietl. 

H.  From  tliu  velocity  of  Bound  in  air.      This  i*  33,200  cm.  per  »«. 

NeWton'a  lav  nf  the  veloci^  of  propagation  of  w&wa  ia  tlmt  ^  ="  .  /  —  - 

Thccoeflacient  of  cUrticity  KiHeqiuiI  nunnrirally  t^thc  preaeurein  apwif  the 

tvu{H;iutuni  be  constant ;   .*.  r  =/"=/-,  if  the  prvwtirc  be  tbu  at- 

nio«pbiTir,      Pur  air  p  =  0012,932  griii'^  |».>r  cub.  cm.  at  0*  C.  and   76   i-m. 
bar.  pr.  nl  Paris  ;   II  =  1,013,660  dynui*  \xr  «j.  cm.     Heuco,  according  lo 


JJewtoa's  Uw,  v 


y  1,013,660  _ 
O-Oliiflai" 


279D7  cm.  per  sec.,  bat  in  fact  it  i»  found 


lo  be  33,21>D  cm.  Tliere  ia  here  to  all  appearanco  a  material  divergence  fix«u 
Kewton'a  law  ;  but  it  is  corrected  wliftii  we  oliaonre  tbat  tht'  iut»umpti{>n  that 
ibe  tetnperatTire  is  cnnntant  in  tiiifniiiidid  ;  that  a  travflling  wave  of  snund 
HiibjcctM  the  air  Ui  ailialuitic  ciimpruMirm — lulinliatic  *  birjiiim-  (Iil-  livat  Iijw  tidl 
time  t»t  bucutnu  difruwd  ;  tlmt  tho  elaeticity  tif  air  fo  com  pre  Med  i»  sn-atrr 
tbao  tbat  of  air  maititaiced  at  a  cocLit.'Uit  twrniit^rature  ;  thnt  th«  ratio  of  tbew 
two  elasticities  of  a  gas  is  otherwise  known  to  Iw  the  fame  an  th«  ratio  of 
tbeir  specific  beats  at  const,  pr.  and  at  coiihL  vol. ;  and  (hervfoK  that  the 
coefficient  of  elasticity  in  the  furmuhi  shouUL  haw  been,  not  K  Ihv  elae- 


Itcity  at  coiiiiL  temp.,  but  £  X  K.    Whmcv  v  = 

k  =.  1-40623. 

The  mean  value  of  i  is  thus  1*4058. 


;  33,200=.  27,907  ^^l:; 


In  a  perfect  gas — ^3ne  whoiso  molecules  did  not  act  upon  one 
another — tlie  spRciJic  heat  at  constant,  voluuie  would  bo  4uite 
indcpondent  of  the  teniperaturo  or  of  the  pressure. 

In  air  \\\n  apciiiliL-  beat  ia  8L'n»ibly  conataut  at  all  tpnipcratiinai  Iwtween 
-  30'  C  and  4-  225"  C,  and  at  preararp.*  from  I  to  It)  atnit>ipherfifl.  We 
shall  i%e  that  thiB  JuHtifififl  ua  in  relying  upon  the  indioations  of  the  air 
thcrmnineter. 

In  a  perfect  gas  the  pressure  at  constant  voluuie  and  the 
volume  under  constant  pressure  would  both  vary  directly  as  the 
teiu]>tirature. 

The  KCDuml  law  U  pv  oc  f,  or  jw  =  Ri,  whom  B  is  a  coustaiiC ;  thi«  con- 
atant  is  uthcrwiiiiU  kinvwu  to  bu  uiimuriuilly  equal  to  thu  difffivucfi  between 
the  two  speutGc  beats. 

When  a  gas  is  compressed  it  becoines  heated — that  is,  pro- 
vided that  external  pressure  have  produced  the  compression,  and 
added  energy  to  the  gaa  by  doing  work  upon  it 

*  If  th^i  buaL  imidiicuJ  liiul  tiinn  to  hecoiiu-  ditTtiwd,  or  if,  r«  ini^ht  bn  the  CtM  is 
ex<;«niv«ly  slow  vibratiuiiii  or  ntro  gaMs,  thu  ^aa  hwil  time  to  flow  round  tlta 
vilirating  ol^ect,  so  that  it  coold  not  bocome  compresacd  or  cvolva  hoat,  th«  spaed  of 

[iroiiagaliou  would  teud  to  appruxlmatu  to  the  »ii]ua  ^  —  . 
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When  a  gas  is  aUowed  to  expaod  it  becomes  c^ol — that  U, 
provided  it  expand  agaiast  external  pressure  and  sacrifice  enei^ 
by  doin}^'  oxtemal  work. 

The  work  done  upon,  or  by  the  gas  appears  or  is  lost  as 
heat.  The  rise  of  temperature  may  be  calculated,  on  tUe 
express  assumption  that  tliere  is  no  internal  work  done — an 
assumption  approximaUdy  but  not  perfectly  true  (Joule) — by 
di^^ding  the  whole  work  done  on  the  gas  (measured  iu  terms 
of  Calories  of  heat)  by  the  mass  and  Ly  the  specific  heat  of 
the  gas. 

Saturated  vapour  beliavca  in  thi*  regard  in  a  pcciUiar  maimer.  If  work  be 
iloiK*  upcjn  saturated  (team  at  any  tcmpterature  b«Iow  7898*  Aha.  (&1S'8*  C^ 
the  livat  tsvotvcd  cause*  thu  vapcur  t»  become  a  Buperlteatei]  vapour,  soil 
liMt  muit  bo  ported  with  iu  oi\Ikv  to  ulluw  ttic  stvum  U>  H'tiuiin  iiaturat«d. 
Converwly,  iTmtunitvd  etciua  Uluw  516-8*  C  bu  allowed  to  cxpuiid,  doiaj.' 
external  work  vchiXo  no  hcut  h  supplied  to  it,  it  losue  enurgj,  lotce  latent 
heat,  and  la  partly^  cundens(;d  ;  and  it  dciee  not  fall  in  temperature  as  mudi 
as  it  would  do  if  it  were  a  perfect  gnf*,  expanding  In  the  same  extent,  for 
tlio  liqtti'ffiiction  of  the  vaptnir  libcratc-i  hi-jxt.  Tims  an  expanding  eaturaled 
vnpdiir,  like  sluam,  libcnito»  itiori'  cn«rj;y  and  can  do  morw  work  tlian  an 
expanding  pan.  Above  5IG-8*  C.  a  mddcn  adialiotic  eipaoMon  of  utnrateit 
steam  would,  on  the  otlicr  liand,  produce  evaporation  of  water  IQ  eontu-t 
with  it  ;  and  compreaeion  would  produce  condensation. 

Tli«  qIkivc  tacit  JiTi*  E-nitiprisi'il  in  tlie  rqiialion — H  bping  thn  spocific  btat  of  ntn- 
nted  aleiuu,  t  ibi-  aU».  temperature — 


„      /      ,=-    „      38,2  80. 0  00.000  \  . 

S  =  (  12,l»a,O0O  -  — -^ — - —  J  i  ti  ergs ;  or 


;=!(«. 


]  as,  000  - 


38, 260,000.000 

I 


)  iiTsrsWiTfr  h''^'"^"'  P"  «**•""•■ 


Below  78D'fi*  Aba,  8  ia  no^tive :  above  that  temporatarG  it  is  posiUvc 

TliK  -capour  of  bieulphlde  of  ou-bon  acta  at  ortlinary  temperature  like  that 
fif  water  Maw  5 1 6-8'  O.  ;  that  of  ether,  im  Ihe  other  hand,  i»  rendered  eloiidy 
by  c»itipreiuloii  cvi!ti  at  (inlinary  t4'mperatuiri. 


The  specific  heal  of  BubstAnees  is  not  perfectly  coastftSt 
at  all  temperatures :  whence  the  necessity  of  the  qualification 
"from  0°  to  1'  C."  This  -want  of  constancy  is,  among  gaaee, 
most  remarkable  in  those  which  are  most  condensible ;  but 
among  solids  and  liquids  the  variations  of  specific  heat  are  still 
more  Temarkable,  and  indicate  differences  in  the  amount  of 
Internal  work  associated  with  changes  of  temperature  at  different 
temperatures,  this  internal  work  being  dune  in  effecting  changes 
in  the  density,  the  iutermolecular  stresses,  the  allotropic  form, 
and  80  on. 
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The  upecific  limt  of  a  body  niny  be  (•x|mHctl  by  tlm  frRction— 
Iner^meiit  of  hL>at  nui>plitsl  (uicusuivJ  in  CiiluriL-s)  to  unit-auM 
I  ncreiui-tit  nf  ttiiipemUire  prodiicoii 
where  both  the  incremonte  are  very  Hniall :  if  an  Rmount  of  bmt  SR  product- 

t»  change  of  toinpcratum  St,  the  specific  heat  is  -^— ;  and  thii  ia  one   of  the 
St 
Therma]  capacities  of  a  body,  of  n-hich  nix  may  he  dintingiiiAhed. 

/  1.  SjiPt:irii-  Uiei-mal  cajwi-'ity  per  uml-iiicnjiM:  nf  teiii|ieniture  at  canHtant 
pn^xaure  ;  the  iuiiouiit  of  liivnL  »i]iiirv<i  U>  rniiw  ihv  lriii|ii-n>Uir«  of  uuit- 
jnaMl'y  1"  C,  the  prvMHivlwitig (Constant.  This  itoUlud  thu  Specific 
Heat  at  constant  prvssurv,  K. 
2.  Specific  Ihenual  capacity  per  unit-increaae  of  preasurc  eS'ected,  tlie  tem- 
pemtuie  being  coustaiit.     This  hoa  no  special  uiuiie. 

»/  3.  Specific  thermal  capacity  per  unit-in(;rea«!  of  prf«iure  effected  by  heat, 
)  at  coiiHtant  %'olunit!.     This  bait  no  otbtir  nanii*. 

^  4.  Specific  theniinl  cApncity  per  anit-increase  of  volume,  the  pmourebeinK 
cunataot. 

1*5.  Specific  thcmial  capacity  per  uuit-incrctuu  of  tciupcmtun.- ut  cuusttuiC 
}  Tulumc  (the  Specific  Heat  at  coiiHlauL  volume,  k). 

6.  Specific  tlicrmal  capacity  jwr  imit-increftflia  of  volumi?,  ibtf  temperature 
being  coiutiuit.    Tbia  in  culleil  the  Latent   Heat  of  expaiiBion,  l. 

Under  No.  6,  hiuit  =  J  units  supplied  to  unit-maaa,  produL-ea  a  utiit-iacrease 

of  tenijiemture ;    a  n»e  of  t«nipcnitiire  i  is  prmluced  by  heat  "  ki  nnita. 

Under  No,  6,  in  Uir  xtuni:'  ^'ij,  t"*t  =  lii  pnxincwi  an  incn'juw  of  volume  v. 

yVs  commit  no  sensible  error  if  we  suppose  that  when  the  temperature  oud 

tToiom  both  vai7,  ibe  amount  of  heat  whicli  must  be  supplied Ito  a  tmil-masa 

rof  nbitADCu  U  found  by  sinipk'  addiliun,  mlcI  i^  ei^uii]  to  ki  +  Iv. 

Internal  Work, — If  any  gubstanco  were  a  perfect  gas,  licat 
imparted  to  it  would  to  no  extent  be  spttit  in  doiuy  iiiterual  work 
against  ititemiolecutar  forces.  There  ia,  however,  no  such  perfect 
gas,  aa  we  ahsM  now  sbov. 

If  our  physical  gases  were  perfect  gases  we  would  find — 
1.  That  the  amount  of  heat  evolved  on  compressing  a  gas 
would  be  exactly  equal  (wlieu  measured  in  ergs)  to  the  work  done 
ill  compressing  tlie  gas. 

If  thii  original  preaaiire  and  volume  be  p„  v,„  and  the  new  prcasure  be  p,, 
th«  work  done  i»  p„i'*  log  —  ;  a  concluaion  deduced  from  the  two  ec^uatioDj — 


I 


I 


(1)  wui^  dune 


Bud  (S)  |<,r,  =  y,r,  (Boylc'8  law). 


f. 


2.  Tlmt  when  a  gas  expands  doing  external  work,  the  gas  loses 
energy ;  and  that  a  perfect  gas  would  in  tliia  way  lose  heat  exactly 
equal  in  amount  to  the  external  work  done,  and  would  accordingly 
sink  in  temperature. 
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A  v^'S'-l,  A,  iif  roiiiprfMed   air  {Fig.  125)  is  providL-d  with  ftH  ttittabft 
fumulied  with  a  ■toiittH.-k  :  tbe  fxtreiiiity  of  tliu  exit  tube  ihyn  under  Wftler 


FiK.ias, 


Tlt.m. 


it 


in  ft  bell  jar  B,     Tin-  flt<)(fcncTe  in  ojieooKl  ;  air  flciws  out ;  it  n>plAc«8  the  wMer 
in  the  bell  Jar :  in  so  doing  il  forces  water  down  agaiiiat  iht  aUnoephcrie 

piT«aure  ;  it  thus  does  work  ;  the  tdr  rcmaiuinf;  in  A  beeomea 

cold  (Jonlc). 

A   similar  vessel   of  comprceaed  air  (Fig.   126)  ;  thft  «- 

treiiiity   of  the  exit   tiibe   communieates  vrith  the  npeii  air. 

TIut   Bitfi]icii<-k   i.t  ojieaed  ;  air  Hows  out  ;  it  tJinisttt  «*k3i-  !tift 

iiir  inimi.-<Iiitlcly  stirninnding    Uit^    orifict*  ;    tlitt  iiJr  vritliin  A 

thue   drii;(;  work   iit^iiast    tbc  atmospbvtiu   pn.'SiiUi«  :    Uie  air 

ninwuiilDg  in  A  becoines  wlcL 

3.  That  if  a  stream  of  a  perfect  gas  wera  checked, 
the  whole  kiiietic  eaerj^y  lost  by  the  gas  woulJ  appear 
119  heat  ill  it 


Tht;  beatmg  elTect  of  cbcckin};  &  stream  of  gas  may  be  readily  Kliovm 
(Verdet)  by  pjuchint;  a  rapidly-ieauing  jet  of  air  between  the  finder  oiid  Iboiul^ 
or  by  partly  blocking  it  with  the  fluger-tip. 

In  the  same  n-ay  a  jet  of  hi(;h •prt-VAiiru  Rlcatn  when  liberutod  into  the  free 
atr  soddcnly  expands  and  partly  cond^nMs  iDt<:i  scalding  droplets  ;  then  a 
little  way  further  on,  Ity  reason  of  friction  against  the  air  and  of  int«nnol&c- 
uUr  friction,  it  is  deprived  of  its  niomentnni,  und  is  heated  bo  far  as  to  become 
BUperiioAted  or  gaiwoiiA  Nteani  ;  (>tin  further  mi  it  itjriiiiii  heeoiu^s  <i|iiu|ii«. 

If  the  VM-iutel  A  (if  Figx.  125  Kml  13ti  lie  ei>iLUbcU:<l  uith  anotlier  in 
wliirh  a  vftcinim  lin*  tn-en  produwd,  the  air  in  A  lows  enrrj^y  and  ii  cooled. 
Tin-  purt  cf  ih«  ga«  which  firrt  arrives  in  B  is  healed  hy  conipr«nioQ  exer- 
cised by  the  part  which  arrivea  afterwards  ;  the  latter  ic  also  heated  by  having 
ita  motion  checked  :  tlie  teinpuntture  in  B  thiw  hvcunie*  higher  than  tlie 
original  teinperaturt-. 

4.  That  expansion  of  a  perfect  g&s  wonid  not,  if  no  externa] 
work  were  done,  afFect  its  tcmpemhire :  for  no  internal  and  no 
external  work  being  done,  the  amount  of  kinetic  energy  possessed 
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by  the  gas  would  remain  unaltered,  and  the  temporature  would  be 
unchanged.  There  is  no  gas  whose  temperature  remains  unaffected 
under  such  circumatances;  therefore  there  is  no  perfect  gas. 
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Oompreued 
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Tilt;  a)ipariitita  uf  Vif^  IS7  brinu  iiiiiiientt;*]  In  n.  inrgc  vt^iwel  of  vrster,  tlie 
ftopcuck  in  opijiicd ;  ttic 
air  iu  A  is  cuuK"!,  (bat  in 
B  is  warmed ;  tbc  amount 
of  Ileal -tuiei^y  yained  by 
B  18  equal  to  tliat  lost  by 
A:  Lhv  water  Hurrouiuliiig 
A  anil  6  (which  muiit  be 
stirred)  ia  not  on  the 
whole  perceptibly  cookd 
or  wamied.  Thla  exjMTi- 
incnt,  itiudc.  Iiy  Joule,  was 
Wlicvfd  to  rhnvr  tliiil  nir 
did  behave  approximaLely 
aa  a  perfect  gas ;  for  the  teni|ier!iture  of  the  water,  and  tlietvfore  tlie  uvumyo 
temperature  of  tbe  yrhoh  gas  in  A  nnJ  B,  leuiains  uni'ltangiHl  after  upeniu^ 
the  »1»pcock. 

'Hif  ubjecliun  to  thin  ^-xpcriiuvut  is  lliot  a  rise  or  tall  of  icmperatiiri'  in 
the  ffin,  Kvvu  Lbu'ii(jii  by  ucf  lucanE  iuHigiLiitcaiit,  wnuld  undpr  nucb  circnm- 
stunccs  be  iuiiwrctiptibli:.  Thu  maas  of  water  Bumnunding  thf>  vofseli)  A  and 
B  cannot  be  mode  much  leiui  than  about  7  kitngriunmcA :  the  ^ccific  beat 
of  wat«r  is  hi^h,  timl  of  air  \»  low;  and,  bcaidLis  it  i*  deairnble  that  the 
experiment  be  continnoiu,  and  that  the  c-tfecta,  if  tbere  be  any,  be  aeeumu* 
Uted. 

tlcuct!  a  new  fonii  of  tht^  expertmcnt  was  derined  hj  Joiili;  and  TbitniKon. 
A  Lube  obfttntijlfid  by  a  diH-phiagin  with  a  narrow  orifice  tokee  the  (duiu  of 
th«  veswibi  A  iiud  B.  Air  in  forced  from  A,  Fig.  128,  towoi'de  U.  The 
pi«uun)   within    A   in  gn-al^r  tJian  _ 

that  within  B  ;  tbt-  gw  wbirb  pomes 
into  B  ultimately  Wamw  eimply 
tbii  same  gas  with  a  larger  volunte : 
it  cannot  become  cooler  by  roitsou 
merely  of  ite  tbni.'ting  the  exterior 

air  at  C  out  of  the  tiil<c,  for  it  ^inply  act^  ii«  a  biifTtr  between  the  uir  in  A  and 
the  exterior  air  at  C,  and  the  exterior  work  which  it  does  is  equij  to  that  done 
tipon  it  If  the  air  were  a  perfect  gas,  Ihc  temptrattin-  at  B  would  II-  the 
mime  a.4  tliftt  at  A  It  w  found  in  siieh  apparatus  to  vary  from  spot  to  spot 
on  acuiuut  uf  ■  ildieo  ;  these  nmtit  be  got  rid  of.  This  in  done  by  ftubstitiiting 
for  tbn  iliiiphraj^m  with  tin-  MUglc-  o]>etiing  a  poroiis  plug  of  graphit*-  or  nf 
eotton  wool.  It  i*  then  fmind  tbiil  air  in  not  a  pi-rfett  gas  ;  the  temiwr- 
aturc  in  B  t§  a  little  [owi^r  than  that  in  A.  Eiiirrjiy  liaM  "bevn  cunsiiiiiei)  in  doing 
internal  work  —  probably  in  separating  thit  pnrtit-leH  uf  the  gaa — to  the 
extent,  when  the  preseuiea  in  A  and  B  both  diifer  little  from  the  atmos^dierio 
pr^iian.%  of  about  jjt  of  the  whole  work  spent  upon  the  gas  in  forcing  it 
through  the  plug.  The  proportion  of  the  total  energy  spent  in  doing  intcmal 
work  varies  fruiu  »iibgtAiu'e  to  xiib^tance,  a\v\  from  ciiuditioR  to  condition. 
In  carbonic  diuxide,  at  n  precsuru  varying  little  either  iu  A  i<r  B  fi-ooi  the 
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abuDEpberic  presmue,  it  amounta  to  about  ^«  ;  in  ur  at  a  pieBsnin  in  A  of 
Id  attnoephcKs,  it  aniouiit«  to  aa  much  aa  ,'g  of  the  whole. 

In  the  case  of  liydrc^n,  curiouMr,  there  is  il  .ilight  iiurttut  of  tempera- 
tote  :  the  expandol  giu  licut  '>iu>r^  kinetic  energy  ihan  the  nnexpanded  gai : 
eacT^'  t*  liberated  wfatu  hydrogcm  expands  ;  its  p&rticlM  bmiu  U>  repel  ooc 
ooothcr. 

In  gase«  the  amount  of  heat  which  disappears  during  expan- 
sion in  doing  internal  work  is  gaierally  small  in  proportion  to 
the  external  work  done  against  the  atmospheric  pressure  :  in  solids 
and  Utjiuds  the  internal  work  done  is  relatively  much  greater. 

"WTien  a  substance  ia  heated  and  rises  in  temperature  without 
being  allowed  to  expand,  so  much  heat  is  absorbed  during  a  given 
me  of  temperature;  when  expimsiou  is  ])crniittcd,  an  additional 
supply  of  heat  is  required.  The  Latent  Heat  of  Expansion  of  a 
8ubst;iace  may  thus  be  found  by  difference. 

"ftlien  tcmficrnlTiPC  varies,  the  volume  hcing  constant,  the  heat,  H,  snpplinl 

lo    a   unit-Qiaaa  ii   equal   to   U ;    when   the  pressure  ia  kept  cunntant  and 

expannion  is  aUowcd,  the  heat  supplied,   H^,  ia  eijual  ttt  kt  •*•  Iv ;  wlxAioe 

H  —  H 
t  B   -^-7 H,  ift  equal  to  tlie  tqieciRc  heat  at  constiuit  pntmum,  whence 


The  latent  heat  of  expansion  of  gases  is  tolerably  easy  to  find, 
for  it  is  possible  to  he^t  a  gas  witbont  pemtitcing  it  to  expand ; 
but  the  estimation  of  that  of  solids  and  of  liquids  passes  beyond 
the  bounds  of  our  experimental  powers.  To  ascertain  that  of 
water  between  0°  C.  and  100°  C,  for  instance,  it  would  be  neces- 
sary  to  compare  the  amounts  of  heat  required  to  heat  a  certain 
mass  of  water  from  0°  to  100"  C.  when  it  is  free  to  expand  and 
when  it  is  prevented  from  expanding :  but  the  latter  investigation 
would  require  the  application  of  a  pressure  of  8772  atmospheres. 

lu  the  Buiuc  W4iy  uToii^ht-iroa  hcut«tl  througli  16j*  Fahr.  uxoreisei  a 
pruBHurc  of  I  tou  yw  si|ii»ru  inch. 

The  latent  heat  of  expansion  of  a  substance  is,  aa  a  numerical 
oocHicient,  the  number  of  units  (Calories)  of  heat  required  to  effect 
unit-expansion  in  that  substance — that  is,  to  double  ita  volnma^ 
and  wliich  disappears  in  doing  that  work. 

The  work  of  expansion  is  alwaj-s  associatetl  with  that  of 
raising  the  temperature ;  only  in  idea  can  we  form  an  abstract 
conception  of  the  amount  of  heat  required  to  effect  a  certain  ex- 
pansion while  the  temperature  is  supposed  to  remain  tuichauged. 
Temperature  and  volume  vary  simultaneously,  and  the  physical 
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coDstant  known  ns  the  coefficient  of  expansion  states  numericaUy 
the  relation  between  tliesu  associated  (itfects  of  beat. 

A  BubaCance  whoete  vulumo  U  v,  nt  n  tentporature  t,  aaciiimeH  v,  vnlume  v, 

at  the  tetnp^ratnri!  I,;  the  cliiuigi:  of  ti^iiipemture  ia  *,  -  I, ;  the  l>roportioiiat« 

V  —V  V  —  V 

chiLDcra  of  vohuu«  ia  -^ '  ;  the  oBoticDt  — h — **.  ifl  tlie  coefficient  of  cr- 

">  ",  (*,  -  *.) 

,                                                                      V  —V 
paiuian.     If  (,-(,=  1  ,  the  coefficient  of  oxpuiHioii  is *■ 

The  coefiioient  of  cxpansiou  of  any  substance  is  the  ratio 
between  the  inerease  of  vuluvte  which  it  umlergoes  when  it«  tem- 
pBratitre  is  raised  by  1 "  C.  and  its  origiTtal  volume. 

If  [t  cube  gf  volume  »,  aaaume  volume  r^,  its  aide  vV  becomes  v'c"!  it* 


covfficioat  of  l!a«ar  expansiun  is  therefore 


s/r"—  s/v. 


■',  or  approximately 


i  -^ ' .      Thu«,  if  a  body  meaaurmg  a  cubic  fcK^t  on  being  heated  1* 

sMume  a  volnme  of  1*0003  cob.  fU,  the  side  of  tli«  cube  (I  foot)  has  becoms 
nsarljr  1-0001  linour  foot. 

Since  wc  have  in  general  to  deal  with  expansions  proportion- 
ately very  small,  we  may  say  that  the  coefficient  of  linear  ex- 
pansion— the  proportionate  increase  iu  lengtli,  breadth,  or  tliick- 
uess  per  degree  centigrade — is  equal  to  one-third  the  coefficient 
of  cubical  expansion. 

If  I  be  the  cocfScteut  of  linear  expansion  of  a  body  whokc  length  At 
*,  is  L^,  the  length  of  the  body  at  ihe  temporature  t,  i«  L,  =  L,  +  hj 
((,  -  t.)  or  L,  (1  +  t  ((  -  t) ).  In  thiii  equation  there  are  five  ternu,  any  four 
of  which  iMtng  knoim,  the  fifth  can  be  found. 

In  some  cases — many  crystalline  bodies — tlie  coefficients  of 
linear  dilatation  arc  not  equal  in  all  directions.  Crystals  have 
three  axes,  in  the  directions  of  which  the  coefficients  of  expansion 
are  not  always  equal  to  one  another;  thus  the  angles  of  crystals 
are  often  modified  by  changes  of  temperature.  Substances  be- 
longing to  the  regular  gj'stem  have  the  coefficients  equal  iu  the 
three  axial  directions,  and  they  preserve  similarity  of  figure  when 
heated ;  dimctric  cr>'9tals  have  two  axial  coefficients  equal,  the 
third  diflercnt ;  trimetiic  crystals  have  all  three  coeflicicnts  un- 
equal. 

Talte  plaKs  of  gypeum,  cnt  parallel  to  the  prismatic  axiB  :  cein«nt  them 
togethfr  so  that  the  direction  of  th(>  axis  of  one  plate  fonnt  a  right  an((lc 
■with  that  of  the  other.  Heat  till  the  <ipmciit  is  melted  ;  dliow  to  cool.  The 
unequal  contraction  in  cooHhk  will  warji  the  whole  (Frcenel)^     In  the  ca»e 
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or  tliix  snluttuitce  n  contraction  in  one  direction  is  iisfiociat«d  with  expftnsion 
in  two  othere. 

Indiarubber  aud  iodide  of  lead,  as  woll  na  water  between  0° 
and  3°'9  C,  coutract  when  heated :  theii  coefficient  is  negative. 
In  some  subaUiHt'^w*  (zinc  aiul  iron)  tho  coefficient  of  e]q)ansion 
slowly  alters  with  lapse  of  tirm», 

"WTien  a  hollow  body  audi  as  a  flask  or  a  thcrmouieter-bulb 
i&  bcntcd,  it  expands  almoat  exactly  as  if  it  were  solid :  a  glass 
tube  expands  as  if  it  were  a  glass  rod.  It  follows  that 
when  a  hallow  body  is  heated,  its  internal  cavity  increases 
in  volume  in  the  same  proportion  its  it  would  if  it  had  been 
occupit^d  by  a  solid  the  same  as  that  which  surrounds  it. 

Examples  of  Expansion  by  Heat — Bodies  which,  when  cold, 
exactly  fill  cezUiiu  iiperturiis,  will  not  eut«r  them  wheu  they  are 
warmed.  Itailway  niilti  are  not  laid  in  exact  contact ;  idlowauce 
must  bo  made  for  thijir  summor  expansion  aud  winter  contraction. 
In  desif^Tiing  lattice-girders  for  bridges,  the  same  necessity  must 
be  taken  into  account.  Railway  distance-signals  arc  controlled 
by  n>ds,  which  differ  considerably  in  length  at  night  and  by  day; 
pi-ovision  must  be  made  for  tightening  thorn  up.  or  the  roveree. 
If  the  neck  of  a  stoppered  bottle  clasp  tlio  sti^pper  too  tightly, 
it  may  be  loosened  by  causing  the  neck  to  expand  wliile  the 
stopper  does  not  do  so ;  this  may  bo  effected  by  winding  a  string 
round  the  neck  and  pulling  it  backwards  and  forwards  so  as  to 
produce  heat  by  friction  ;  the  neck  is  heated  before  the  stopper 
jtielf  is  affected.  Olass  suddenly  heated  expands  superficially 
while  the  inside  is  still  cool ;  the  stress  act  np  may  break  the 
glass ;  hence  the  thinner  a  flask  the  less  risk  there  is  of  its 
cracking  when  it  is  heated.  A  cart-wheel  tire  is  litted  on  when 
it  is  hot;  when  it  cools  down  it  contracts  and  holds  the  rim, 
spokes,  and  hub  firmly  together ;  i£  it  be  originally  too  small  it 
may  break  itself  by  its  own  contractile  tension.  The  lead  on  a 
roof  expands  by  day  and  contmcta  at  night;  gravity  aids  the  one 
and  check.s  the  other  tendency ;  tho  le&d  creeps  down.  The  same 
theory  lia-s  been  applieil  to  glacier  movement. 

Applications  of  Expansion. — ^Tiie  Compensation -pendulum 
is  a  pciiduluni  eunstniit  in  length,  whatever  be  tlie  temperature. 
A  simple  bar  of  metal  would,  by  its  variations  in  length,  produce 
oscillations  irregularly  unequal,  tlie  clock  going  slow  in  summer, 
fa-st  iti  winter.  In  order  to  correct  this,  the  bob  of  the  pendulum 
is  suspended  from  a  framework  of  bars  of  iron  and  brass  so  arranged 
that  expansion  of  tlic  bars  of  iron  tends  to  depress  the  bob :  tiial 
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of  the  bare  of  braaa  tends  to  raise  it ;  by  proper  adjustment  these 
eflecta  compensate  one  another. 

The  bob  itaelf  is  aomeiinjes  made  of  a  tube  containinji;  quick- 
silver ;  the  expansion  of  the  suspending  bar  tends  to  lower  the 
centre  of  gravity  of  the  pcndnlum :  that  of  the  mercury  tends  to 
raise  it ;  a  proper  adjuiitnieiit  of  the  quantity  of  mercury  in  the 
bob  produces  sensibly  accurate  compensation. 

Sometimes  the  rod  of  a  pendidiuu  bears  a  transverse  bar, 
which  is  loaded  at  each  end  with  heavy  masses.  Tiiia  transverse 
bar  consists  of  strips  of  different  metals ;  iu  weather  warmer  than 
the  average  the  lower  strips  expand  most,  distort  the  bar,  raise 
the  heavy  masses,  and  thus  raise  the  centre  of  gravity  of  tlie 
whole  pendnhun  :  in  uoMer  weather  the  reverse  eifeet  is  obtained, 
for  the  lower  strips  contract  must. 

Ueasurement  of  OoeflBcienta  of  Expansion. — In  solids  the 
coefficient,  of  linear  expansion  is  found  by  dircL't  observation,  A 
bar  is  heated  to  a  known  tcm|)eTa,tui« ;  its  original  length  and 

I  temperature  are  known.  Tlic  elongation  of  the  bar  may  be  mea- 
sured by  a  travei-sing  bar  with  micrometer,  or  by  the  nietbod  of 
Fig.  5,  or  by  the  expansion  of  the  bar  in  a  tube  pushing  out 
a  piece  of  porcelain,  which  can  move  outwards  but  cannot  return. 
The  tirst-meutioued  method  is  by  far  the  letisl  liable  U>  error. 


• 


I 
I 
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it  tlic  coclficicnt  of  Uncnr  dilatation. 


The  coefficient  of  cubical  expansion  may  be  found  by  multi- 
plying the  coeflicieut  of  linear  expansion  by  3 ;  or,  better,  by 
finding  the  dilTereut  specific  densities  of  the  solid  at  different 
temperatures. 

The   masB    [  =  — ^—}  remaining  the  eome,  p  and  />,  being  tbe  deosi- 

tiei^  tlie  volume*  v^  (  =— )  *"'^  ".  [  =~)  *■*  easily  found;  and  ((,  -  (J 

bciny  tbe  diffiiPttBoe  yf  teuipcruturt-a,  (-?-!— t  , -J,  the  toeflieitut  of 

cubical  expAiMiou  can  be  conipuhsl. 

If  a  solid  be  heated  in  a  flask  with  a  naiTow  orifice,  com- 
pletely filled  with  mercury,  the  mercury  expands,  tbe  flask 
expands,  and  so  does  the  soHd  immersed  in  it.  The  absolute 
expansion  of  tbe  mercury  is  previously  known,  that  of  the  glass 
vessel  must  be  known,  and  the  amount  of  mercury  which  would 
fall  out  of  the  flask  if  the  Ihisk  were  completely  filled  with  mer- 
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cury  and  heated  to  the  same  degree  is  already  known ;  wheu  the 
solid  is  immersed  in  the  mercury,  a  diflerent  quantity  of  mercury 
escapes  £rom  the  llask  wheu  heutec] ;  the  dilterence  is  due  to  the 
difference  of  dilatation  between  mercury  and  the  immersed  solid : 
the  coefficient  of  expansion  of  the  immersed  solid  can  thns  he 
calculated. 

In  liquids  the  expansion  may  he  foond  by  observation  of 
the  apparent  increase  of  bulk  undergone  by  a  liquid  contained  in 
ft  flask.  The  width  of  the  neck  may  be  ascertained  by  the  addi- 
tion of  known  weights  of  mercury :  an  apparent  rise  of  the  liquid 
in  the  neck  may  be  interpreted  as  corresiwudiug  to  so  many  cubic 
cm.  apparent  increase  of  bulk.  But  it  is  Important  to  bear  in 
mind  that  the  cavity  of  the  flask  also  expands,  and  that  the  rval 
expansion  of  the  liquid  is  tlie  sum  of  the  expansion  of  the  cavity 
of  the  flask,  and  the  apparent  expansion  of  the  liquid  in  the  neck. 
K  the  liquid  have  the  same  cubical  coei^cient  as  the  glass,  there 
Would  be  neither  a  rise  nor  a  tall  iu  the  neck ;  if  it  have  a  less 
rate  of  expansion  than  glass  it  will  sink  in  the  neck,  and  will 
then  apparently  contract ;  only  when  it  has  a  greater  coefficient 
of  expansion  than  the  glass  will  it  rise  in  the  neck,  and  thus 
under  such  circumstances  manifestly  appear  to  expand. 

When  a  tbm  glass-Qaek  fillip  with  water  h  mdilealy  licatex)  it  DXp«nclii 
before  till;  water  contained  in  it  luu  had  tiiiiu  to  bucoiuu  lieuted,  and  the 
liquid  ill  Uiu  fint  |)hu;e  appears  to  sliriiik  iiilu  llic  Husk.  Tlioii  tho  litjuid 
becomufi  buatul  and  risv»  iu  the  n«ck  of  ihv  flusk. 

The  expansion  of  a  liquid  may  also  be  fomid  by  observing  its 
density  at  different  temperatures.     This  may  be  done  by  means 
of  separate  observations.      It  may  also  be  done  by  the  ob8er\*a- 
tion  of  the  simultaneous  heights  of  a  hotter  and  a  colder  column 
TiK.iM.  of  the  same  liquid,  which  balance  one  an- 

other in  a  U-tube.  The  heights  are  re- 
ciprocally proportional  to  the  densities,  and 
i^-f  thus  it  is  easy  to  find  the  coefficient  of 
\  \  expansion  per  degree  centigrade.  Fig.  129 
1 1  shows  that  each  limb  of  the  U-tube  is 
I  j  maintained  at  a  constant  temperature  by 
:  J  surnmndiug  hatlis  (of  water,  mercury,  oil, 
j !  etc.)  wlioae  temperatures  are  known.  The 
,ii  heights  of  the  columns  may  be  measured 
by  means  of  a  cathetometer.  The  absolute 
expansion  of  mercurj-  is  by  tliis  method  found  to  be  (between 
—  36°  C.  and  100°  C.)  almost  exactly  ^j^  of  its  total  bulk  per 
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degree  centigrade;  above  100°  C.  it  incicasea  rapidly  with  the 
temperature.  The  total  amount  of  expansion  is  thua  not  quite 
proportional  to  the  rise  of  tcnipcmture. 

la  gasos  the  coefficient  of  expansion  is  nearly  uuifbnn,  about 
■yl^  for  every  degree  centigrade.  Not  quite  imiform;  for  all 
gases  are  not  necessarily  in  the  same  physical  condition  merely 
because  they  are  at  tlie  same  temperature,  for  some  may  be  near, 
others  far  from,  their  point  of  condensation ;  and  the  volume  of 
gases  13  not  exactly  proportioned  to  their  nbaolute  temperature. 

T)ie  coefficient  of  expansion  in  gases  may  be  determined  by 
direct  observation,  the  volume  being  allowed  to  vary,  while  the 
pressure  is  maintained  con.stant  during  a  given  change  of  temper- 
ature ;  or  inferentially  by  observation  of  the  increase  in  pres- 
sure exercised  by  a  gas  when  its  volume  is  kept  constant  during 
a  given  change  of  temperature,  coupled  with  the  assumption  tliat 
I3oyle'a  law  is  perfectly  obeyed,  and  tliat  the  volume  and  the 
pressure  bear  an  exact  inverse  ratio  to  one  anoUier.  The  latter 
method,  tw  we  sliall  see,  is  more  valuable  in  thermometiy  than  in 
tlie  determination  of  the  actual  coefficient  of  expansion  of  a  ga& 


IT  we  Bvume  Boyle'i  law  and  Charlei'*  kw  to  be  boUi  true,  -we  hav«  the 
eoniL      If  Uie  suoc  quantity  uf  gas  diftu^fe   in   proarare, 


eqnstioQ  ^ 


T}iu  eoablM 


Tolunie,  or  temperature,  again  ^^  =  eonA     HeQC«  ?-  «  ?i-^. 

us  to  H)Iv«,  to  a  Gmt  npproximatian,  euch  probleuu  as  the  following  : — 

Fifteen  lili»s  of  air  at  0'  C.  and  701  mm.  bar.  pr.  an;  heated  to  10'  C. 
while  the  boivuetcr  sinks  tu  759  mm. :  what  volume  doeH  the  air 
osniiue  I 

pe       "Jei^  X   I  a      pv^  _  769  X  w 
I   ~        273        "    r  8e3~' 


Whence  v. 


7tSl         Sfi3         ,,\  ... 
---   X    r^   X    1 6  1  litres. 
.709         S73  / 


nm 


AgUD,  Ifi  litre-B  of  air  at  0'  C.  (273*  Ala.)  and  762  nun.  Hg.  preasm*  ore, 
wli«n  ihejr  ar*  hwitrti  to  an  iinknon-n  temperature  and  exposed  to  a  pressure 
ot  1000  mm.  HUi  douliled  in  rolnme  :  what  is  th«  unknown,  tetitpcratare  f 
pv       ^  _  768  X   18        1000  X  30 
f  ~     r   '        «73        "  ' 


(. 


1000 
76it 


n-"^ 


t. 


716-8' Al».  =  ■IJSa'C. 


We  ra^f  eomhliie  with  thcxe  otjiiritions  the  two  fnllnwing  pmpoeitioos : — 
1.  The  specific  clcnflitj'  of  a  (,'ub  ii«  uumerically  tqiml  Uihikirita  mulecular 

weight. 

S.  One  gramme  of  hydrogen  meoEmrefl  11'1646  litres  at  0*  C  and  760 

mtn.  bar.  pr. 
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Problem. 

Fourteen  Ittru  of  cnrboaic  scid  are  mi'asmvd  At  10*  C.  and  759  mm. 
preMOK  :  vliat  is  their  mass  ? 

Fiivt  reduce  the  14  litres  to  the  Tolume  wliich  tbejr  would  occapy  at 
0'  C.  imd  760  mm.  W.  pr.~t.e., 

A  .       273       759\  ,.^ 

( 14  X  X  —  1  litres. 

V  283        760/ 


1 
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Ejicli  liiix;  of  wirboiiii:  acid  at  0'  C.  imd  760  uul  weighs : x 

gnniine&     TImj  wliolt!  woi-jha  11-16J6  8 


/,  .        273        769  1 


44\ 
1646        'ij  ' 


Probltm. 

Wliftt  hnlk  i«  occupied  bj-  20  grainmeH  of  nininoniii  gn»  at  IB'  C  ind 
740  mm.  liar.  pr.  ? 

Out!  gramme  of  bydroKen  wcupip"  at  0°  and  760  a  balk  of 
11-164G  litres  ;  at  15°  C.  and  740  mni.  it  wonld  liave  a  rolume  of 
(ll-lC4ti  X  1^5  X  fU)  litres  ;  but  ammonia  nas  has  a  sp.  deuity 
=  y  ;  tiiiuce  SO  ^riuiniiv)  uf  iimiiioiiiii  occupy  a  bulk 


(.ox^ 


X   1]-I64S  X  *^^X 
1273 


litTOA, 


It  may  be  left  ah  on  cxerciac  to  tho  student  tn  And  what  cotTMtiMu 
ihonld  be  applied  to  ittduc«  the  apparcDt  weight  of  a  kul^tonce  weighed  in 
ftir  at  a  given  temperaturo  to  the  n^al  weight  at  a  MandArd  t^^mporattire,  aay 
0*  0.,  the  cocfGcienta  of  eipanaion  of  air,  of  the  counterpoiaing  weighta,  and 
of  the  Bwhstflnco  weight-d,  lieing  auppoth^d  to  bw  known. 

Tnaion. — Heat  sometimes  operates  liqaefnction  of  solid 
bodies.  The  temperatures  at  which  fusion  is  effected  differ 
widely:  the  fusing  point  of  mercury  (—  40°  C.)  and  that  of 
platinum,  which  can  only  lie  fused  by  the  oxyhydiogen  blowpipe 
or  the  electric  arc,  may  be  taken  as  examples. 

In  general  there  is  eipanaion  durin<^  fusion;  in  such  ercnt 
there  may  be  a  Riuall  amount  of  work  done  arroinst  external 
pressure.  If  the  external  pressure  be  increased  the  amount  of 
heat-cncrgj'  that  must  be  supplied  in  order  to  effect  tliia  external 
work  in  addition  to  the  iiitema]  work  of  fusion  is  proportionately 
increased.  The  temperature  of  fusion  is  thus  in  most  cases 
raised  by  increase  of  pressure.  In  the  cases  of  water,  antimony, 
cast-iron,  the  froczfnj;  point  is  lowered  by  prea.'iure,  because  these 
substances  expand  when  they  freeze.  Tables  of  melting  points 
therefore  denote  the  melting  points  of  substances  at  the  atmos- 
pheric pressure. 
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We  mav  here  sUt«  th(>  tvAJioiiing  hy  which  it  wan  preiliclfxl  *  Uint  an 
{ncKAse  of  preflflnre  woiilii  l>c  funiKi  to  lown-r  the  nj«!ti«g  jKvint  of  io: ;  Uiuugb 
Rome  of  llic  at*'pn  will  not  Iw  nnrkratood  until  aftvr  wo  h*ve  ci(]iudder?d 
Camot'fl  cycle  of  opirmtions  an<l  Tiis  "  perfect  eiii^Tinr." 

A  cyliiidfi:  with  a,  square  base,  1  cm.  »iiiare,  „  Tig.iK. 

contaiiM  1  j>raniine  of  watt;r — i.r.,  I  cuWc  cm. 
S  U  a  tottrec  of  lieat  at  0'  C.  ;  R  in  a  Kfi-ifc-enittvr 
at  a  ttiuperatuiv  -  t°0.,  very  tsliybtly  Iwluw  v'  C. 

1,  Tho  cylJiidiT  i»  kept  upon  llic  sourco  S 
uuiil  tlie  water  oMUnicH  the  tjanpfratun;  0"  C. 
We  now  hdvi!  1  cub.  cm.  walpr  at  )i*  C. 

£,  F*iit  tile  L'ylinder  na  the  rcfrigerntnr  R ; 
keep  it  there  until  ih*  wat^-r  U  whfiUy  fro?^n  U) 
ice  at  0'  C.  We  unvr  Ii£i%-<;  10£1U8  iiib.  cm.  ice 
at  O*  C.  (the  up.  tlcnaJty  of  ice  being  '91674, 
Bunaen). 

Work  ban  been  done  during  expanuon  ;  the 
pinton  boA  been  tbmst  upwanis  llirotigh  '0908  cm.  against  an  external  pre^ 
sure  p  d^-nes  per  eq.  cm.  ;  Ibe  wurk  dono  i»  00908  p  e^g^ 

Put  the  cylindLT  mam  vu  the  i>ourcL> :  Uil<  Ivuipurntui'e  of  the  »ODrcc  is 
»uppot)e4l  tu  bi!  by  ou  infinitely  auiall  amount  lii|^bcr  thim  that  of  tJio  kv.  lu 
cnnise  uf  tiuiL'  the  ku  rndts  ;  now  we  a^uin  liave  1  cub.  cm.  of  water  at  0'  C. 
It  ]ia«  luiiL  bc!at  tmpai-t^d  to  it  eiiual  to  the  latent  bectt  of  fusion  uf  1  cubic  cut, 
of  water— that  ifl,  080,02^  Cak-iies  =  .3,32R,88I,364  erga.  This  amount 
of  Jieat  has  been  nbwirhoil  from  ibc  source  at  0°  C. ;  heat  hflB  been  lopt  in  the 
refrigerator  at  -  t'  C,  The  piston  r*tiim?  to  it«  normal  position,  aa  wc  have 
HXU,  and  the  whole  iiiiitrivM.iu;e,  jwrfeclly  imaginary,  is  a  "perfeet  engine," 
with  ic«  or  water  nn  itn  woi-kin^  «n)i»taiice,  proviiled  that  t  lias  a  ceriain  value 
to  be  deduced  frotti  the  viptation^— 

Work  done  difference  of  ttsnip,  between  Miurce  and  refrigerator         t 

Heat  absorbed  "  "  &hiu)].  tvmpirntiire  of  80'iirc«  ~       873* 

0-0908  ji  T 


3.SS6,88].3«4        873* 
=  ^"3  X  0-0908 
3,320,881,364  **■ 

Whca  thi-  external  pressure  7>  changes  by  11  =  1,013,063  dyui'jpvreq.tiiu. 
■ — thttt  i«,  when  it  cliaiigeji  by  jui  flnioiint  etiiml  to  onis  atinL«pb(.>n.'— t  changeH 
by  '0076'  C.  TliiB  m.mns  ihnt  Mich  an  enf^inc  ifl  rereraiblf,  luid  it£  operation 
ia  theoretically  jH'rfoct  wlion  the  frcenn^  opicrfttion  is  cnnductc-d  at  a  tempera- 
ture lower  than  0*  C.  Iiy  an  anioimt  cqunl  to  -0076°  C.  Fur  every  additional 
atmo«pberc-prcwiire  tuffcrcd  by  the  ficezirp  wntJ^r.  If  the  freerinf;  could 
ficcnr  nt  a  higbc-r  tt-mperaturc  than  thin,  tbcre  woiilJ  be  production  of  irork 
by  the  expanding  ice  acconipanietl  by  a  withdrawal  of  heat  from  the  Koitrcc 
insufficient  to  account  f^f  <^  Aiid  the  per^ietual  motion  would  become  po»- 
aible. 

When  a  pic^«  of  ice  in  placed  in  contact  with  Biiollu-r,  both  Wing  at  0'  C, 
»  1,-ery  slight  pressiure  will,  by  lowering  the  nufllling  point,  chumi  h  w-rtain 


"  By  Prof.  James  Tliotuioa  ;  vxpetiuieii tally  confiruied  by  hta  btothor,  IVof.  Sir 
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qoantity  of  ice  at  thi^  point  of  contact  to  melt.    When  the  prpsrare  is  rcHcvnl 
tite  luofiB  8oUdjli>DB  and  bocomcji  continuous  ice. 

Ice  IB  not  without  a.  emoM  degree  of  iriftcotitty,  and  it  can  slowly  flow  ; 
but  at  tempemturea  between  0*  C.  and  Abont  ~  ^'  C.  it  can  W  driven  through 
OUTQW  poMUigfi*  hy  the  above  pn>ce.aii  of  Kegelution,  for  wh^t  cnikhed  the 
fragmcaU  an;  r<jlicv«l  yf  prtwure  umi  n.-iuiit<r,  it^iu  to  1*  cnwhiid  ami  fcpirwl 
onwurdn.  To  tlie  Bmal!  visoogitj-  of  ice  and  to  th«  procvu  of  cruBhiug  or 
regulation  is  to  be  aecribeil  the  flow  of  glaciers. 

Sometimes  tlie  fusion-point  of  ft  nuxtiire  is  below  that  of  ita 
ingredients.  A  mixture  of  common  salt  with  about  2^  parts  of 
crashed  ice  melts  at  about  —  18°  C.  or  0°  Fahr. :  above  this 
temperature  it  is  liquid ;  and  when  ice  and  salt  are  mixed,  the 
result  ie  very  cold  liquid  brine. 

Wbcn  the  parcmente  in  snowy  wwitber  nre  cleanid  hy  mc«nB  of  mlt,  iht 
Tsrino  tliUH  formed  being  at  a  tcmpemturc  of  0*  Fahr,.  or  lit  "thirty- two 
dcgpcea  of  frost,"  penetmtefl  the  sioc-ltathcr  and  chiUa  the  feet  of  pedciatrluiA, 
while  it  refuBea  to  dry,  the  nalt  being  hygrowi/pic — tbdit  ia,  having  a  great 
affinity  for  water. 

Boiling  or  ebullition  is  a  rapid  process  of  reduction  of  a 
liquid  to  vapour.  Evaporation  is  thus  distinguished  from 
ebullition ;  in  evaporation  particles  fly  from  the  surface  and 
mingle  with  the  particles  of  gas  or  vapour  already  existing  in 
the  neighbourhood  of  the  surface  of  the  liquid,  and  drive  or  repel 
only  a  certain  proportiou  of  them  away  from  the  surface :  in 
boiling,  the  particles  which  fly  from  the  surface  bombard  tlie 
surrounding  purticlea  so  hotly  as  to  drive  them  all  from  the 
neighbourhood  of  the  surface  of  the  boiling  liquid,  and  to  take 
their  place.  Thus  the  vapour  of  a  lioiliiig  liquid  has  to  ejceii 
a  pressure  whiuh  is  juat  a  little  greater  than  the  atiuospberic, 
or,  in  general,  the  exterior  pressure,  whatever  that  may  happen 
to  be ;  the  vapour  of  an  evaporating  liquid  exerts  a  pressure 
whicit  is  only  a  fractional  part  of  the  atmospheric  or  exterior 
pressure. 

Besides,  the  process  of  evaporation  is  restricted  to  the  exterior 
free  surface  ;  that  of  boiling  uccurs  both  at  this  surface  and  at  the 
internal  surface  of  bubbles  in  the  interior  of  the  liquid. 

A  liquid  may  be  heated  to  a  temperature  above  its  boiling 
point,  and  if  there  be  no  bubbles  formed,  no  point  at  wjiicli  tlie 
action  may  preferably  start,  the  whole  liquid  may  become  over- 
atressed,  like  a  Kupert's  drop,  ami  when  it  does  give  way  and 
form  vapour,  it  may  do  so  explosively.  This  kind  of  explosive 
boiling  may  be  observed  when  water  void  of  air  is 
when  drops  of  water  are  suspended  in  a  mixture  of 


I 


heated,  or        ■ 
light  ftnd       M 
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^eavy  oUs  of  the  same  specific  density  as  'o^ter  and  tkeu  heated, 
)&r  when  water  ia  heated  in  a  glass  vessel,  esiJecially  if  it  have 
t>eeu  Carefully  cleaned  with  sulphuric  acid  lii  the  last  case  the 
hurface  of  the  vessel  is  very  unironn,  and  Iheru  is  no  sharp  polut 
or  roughness  at  which  a  bubble  may  commence  :  thus  the  tempep- 
iature  rises  aliovc  the  boiling  point  until  it  is  brought  down  by 
B  sudden  outbnrat  of  ^'apour,  and  bunipinj:;  cnsucB.  There  is  leM 
Df  tliis  in  a  smooth -metal  vessel  than  in  a  glass  one ;  still  less  in 
Hi  rough-metal  vessel ;  etill  I'ejss  where  jagged  pieces  of  platimim 
«r  stone  have  been  immersed  in  the  liquid  to  be  Iwiled.  The 
yrocess  of  boiling  depends  to  a  great  degree  for  its  regularity  on 
the  presence  of  air-bubbles:  we  may  sometimes  see  that  water 
when  long  boiled  ceases  to  evolve  bubbles,  and  evapomtes  only 
|Bt  the  surface  with  an  occasional  outburst  of  steam. 

A  bubble  of  air  or  vapour  produced  in  the  interior  of  a  hot 
liquid  is  increased  in  size  by  molecules  escaping  into  it  from  the 
;6urrounding  liquid ;  if  the  temperature  of  these  molecules,  their 
energy,  their  velocity,  thoir  pressure,  bo  such  that  they  can  expand 
^the  bubble  against  the  surrounding  pressure,  the  bubble  enlarges 
^Bnd  rises.  If  we  artificially  produce  Vmbbles  in  the  interior  of  a 
heated  liquid,  as  when  we  electrolyse  hot  water,  the  liquid  Ixiils 
ivery  rapidly  at  the  electrodes,  where  gaseous  oxygen  and  hydrogen 
■are  being  given  ofE 

The  boiling  point  at  different  pressures. — The  ^ater  the 
'external  pressure  to  be  overcome,  the  greater  must  be  the  energy, 
i«nd  therefore  the  greater  the  temperature,  of  the  rising  vapour. 
,The  temperature  of  ebullition  and  the  external  pressure  are  not 
idirectly  proportional  to  one  another,  but  are  found  experimentally, 
'and  recorded  in  tables  such  as  those  great  tables  of  liegnault's,  to 
'be  found  in  his  Relation  des  Ejyt^rienccs. 

At  tiiduntAin  licighta  the  atino»)ib(-rt[^  prewiire  »  lem  nnJ  the  boiling 
point  IN  lower ;  thu»  at  Quitti,  at  u  ht- iglit  of  9540  fv«t,  ytntvr  boils  at 
t»0!*  C. 

If  a  fliuk  contjiiiiing  wnt«r,  boiling  at  100*  C,  be  corkt-d  uid  itet  aside 
|nnti]  it  has  cooled,  my,  to  du'  C%  and  if  the  upper  p«rt  of  the  fliwk,  tlie  port 
'contaioing  the  vapnur  of  water,  be  nnclJeDly  cooled  by  cold  water  dashed  upoQ 
jl,  the  vapour  in  it  wll  be  partly  condcnwHl,  and  a  pftrtkl  vacuum  will  be 
jibnned  :  tiie  wat«r  will  find  iuclf  ut  u  Uriupemturc  of  60'  O.  uudvr  u  jirvupjurc 
lOf  lv»  ibiLii  &SK'45  mill.,  uud  it  will  Ofpiiii  bcgiu  to  boil;  the  watvr  it 
jlhuH  »uinixig1y  iuduL-cd  t<i  boil  by  the  application  of  cold  to  the  lluek  con- 
Wining  it. 

I  IE  a  cryophorus  tube,  Fig.  131,  of  which  botli  bulbs  are 
Ibalf  filled  with  water,  have  one  biUb  immersed  iu  a  freezing 


346 


nBAT. 


rCBAP. 


mixture,  the  vApour  in  the  cold  bulb  is  condensed ;  the  vftpotir  in 
the  tube  is  pushed  into  the  cold   bulb  by  the  nncompensnted 

pressure    of   particles    rising  from  the 
^'^■'"'  liquid  in  the  warmer  bulb;  this  pro- 

c«83  ia  continuous ;  work  is  continu- 
ously (lone  in  in&intaiiiiiig  the  flow  of 
vapoar,  which  is  as  continuously  condensed ;  the  liquid  in  the 
warmer  bulb  continuously  evolves  vapour,  and  does  so  so  rapidly, 
the  pressure  being  small,  an  to  boil ;  it  continuously  doea  work, 
hut  receives  no  energy  ;  it  cools  and  ultimntcly  freezes,  eveo 
while  evnporatinj?. 

Boiling  and  evaporation  may  thus  involve  not  only  the  giving 
of  momentum  to  particles  of  the  liquid,  but  also  external  work 
done  against  resistances;  and  during  evaporation  there  may  be 
cooling  due  not  only  (1)  to  the  latent  heat  uf  evaporation  absorbed 
in  pruduciug  change  of  state,  but  also  (2)  to  the  external  work 
which  is  done  by  the  evaporating  body  —  work  which  generally 
takes  the  form  of  thrusting  aside  the  external  air. 

Exaiaxil«B  of  cooling  duo  to  cvaporati&n  ore: — The  cooling  of  the 
«kiii  liy  jjerajii ration  or  by  a  ilrau^ht  uf  lur,  even  tIioU){h  tliii  ftir  be  waimer 
tliaii  Lbe  Hktu  ;  a.  ilfig  cooling;  liinMelf  ity  [iiiiitiii^  with  bis  tongne  expoM<l  ;  a 
poruuit  wat«r-ctKj!cr  or  <iUcirraza,  ib«  evjiporation  at  tLo  surlAue  of  which  cools 
the  uuntaincd  witter  ;  tlie  {iractice  in  some  hot  countries  of  i:ooli»^  «  room  by 
tlirowiuij  wuttjr  over  ihi;  floor ;  tlie  cixiliug  undcrgODe  by  ft  liquid  whicb  is 
bcin^'  riiiniUy  i-vajHirated.  iu»,  for  example,  the  rai>id  cooling  of  »iilpbarou( 
uihydridii  nr  of  auinioniii,  whidi  is  effected  in  thu  oturM!  nf  th<;  pivccw  of 
artiHcial  in>-ninViii^  by  tli«  tnjiid  evaporation  of  th«  Itquefiiid  ga&es  under  a 
powerful  oir-immp  ;  the  coolinK  of  &  jet  of  liquefied  carbonic  acid  vbui 
allowed  to  OAcape  into  llie  nir,  so  tlmt  tbe  gubstnnee  is  in  piLi-t  solidified. 

The  Intent  heat  of  evaporatittu  of  steam  is  X  =  (33011,504000  - 
33,S0OOOO  $)  ei^  jwr  graiiuiio,  wli«r«  Hie  tcin])eri»tTire  of  ebtllUtlMi  is  &* 
AtML  At  9B4-32'  Aba.  or  720-6*  C,  A  =  0,  and  tbia  U.-ini>«™tute  Ui  for  tiUmm 
th«  criticiil  l>:!in[>«ratun],  Wyond  which  there  ts  no  vhuuge  of  state  when 
liquid  wut«r  bwcoiiun  wutor-\'apour. 

Sattiratlon -Pressure. — In  the  case  of  every  vapour  we  find 
that  foi-  each  iJurLicular  Icmpeniture  there  is  a  maximum  density ; 
if  we  compress  the  vapour  beyond  this  density,  a  portion  of  it  will 
be  li(|^uefied.  If  we  allow  it  to  expand,  then — provided  that  the 
tem]ienitnre  is  kept  constant,  and  that  the  vapour  Is  kept  in 
contact  with  its  own  liquid — a  portion  of  the  liqnid  will  be 
evaporated ;  thus  tlic  density  is  maintained  constant  and  the 
vapour  is  kept  saturated.  Tjich  volatile  liquid  has  its  own 
saturation  pressure  for  each  temperature,  this  being  the  pres- 
sure necessary  to  bring  the  ^ponr  to  its  maximum  density. 
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A  vapour  which  is  not  snturated  may  by  compression,  exerted 
Until  the  prnssure  of  the  vnpoiir  is  equal  to  thft  sat u ration- pressure, 
1>C'  made  saturated,  and  by  further  pressure  "Bill  be  caused  partly 
■  ^o  condense. 

The  saturation-pressure  of  any  vapour  at  any  temperature  is 
tie  same  as  tbe  pressui-e  at  which  iho  corresponding  UcjuiiL  boils 
<Kt  that  teuiperatuie. 

■  Even   in   contact  with  ice,  water-vapour  has   a   naturalioa- 

'^rusaure,  and  evaporatiuu  will  go  on  until  this  pressure  is  attained. 
-A.  strong  wind  blowing  over  a  snowfield  may  remove  much  of  the 
^now  by  true  evaporation  without  liquRt'iiction. 

Sattirat«il   steam  iu  cnitt/tct  with  icu  »t  8'   C.  has   d.  prcseore  p » 
{lOT'2  +  (fiSSa  X  ]-08o')}  (Ij-nt-B  jkt  «(].  em.     {Rcgnnul t,) 

•  As  a  general  rule  each  component  of  a  mixture  of  gases 
exercises  its  own  pressure,  and  is  not  affected  by  the  others  which 
accompany  it.  Yet  tliis  rule  is  not  absolute ;  for  if  we  hejat  in  a 
Haste  a  cerUiu  (Quantity  of  air  alone,  we  hod  that  it  exeits  a 
certain  pressure ;  a  certain  quantity  of  water-vapour  introduced 
alone  into  a  vacuum  m'OuM  exert  a,  certain  pressure ;  but  wheu 
both  lh«  water-vapour  and  tlie  air  are  iutrodnced  into  the  same 
vcBsel,  the  joint  prciasure  falls  fiomewhat  short  of  the  sum  of  the 
several  pressures,  and  thu«  it  is  shown  that  there  is  an  attractive 
action  between  water  and  air. 

Vapours  at  variable  pressures  and  temperatures  generally 
obey  Boyle's  law  with  tolenible  regularity  until  the  pressure 
comes  up  to  about  -j^jj  of  the  siitumtion  pr&ssnre.  and  that  whether 
they  be  alone  or  mingled  with  an-  or  other  \-apoui-3. 
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Meaeurement  of  Vapour 
Density  lil  diffuifut  tt-iuiiemtuirs. 

a.  By  menauntuiwut  «f  lli«  jfreB- 
mre  eierciMiI  liy  the  vapour  oT  lii]uiJ 
Dt  a  series  of  kiinwn  timiperatimA. 

Thid  is  tffectpil  liy  tlie  iirranpe- 
ment  sketched  in  Fir.  132.  Tlie 
menti  t*iniieraturc  of  hoilinR  ta  im!i- 
mtvtl  l>y  four  thpTmometf^M,  two  in 
the  liqiiiil,  two  in  the  vapour  :  the 
vapoar  i»  roiiileiwed  in  A  anil  re- 
turned  to  tlic  fljuk  :  the  preaaure  in 
ineaaurGil  by  n  riiatiOJm^tur. 

The  iise  of  this  uiuLhrMl  iJi^ii^titlH 
oil  a  tiK'itiiflBumiition  that  Bt>ylv'«  Invr 
is  oLeyid  tliiou>;hout  all  niun««  "f 
teraperatuft! ;  but  this  m«thod  is  not  npiilical'U"  rxocpt  at  low  t«tnpfmturc« 
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and  low  pnssum ;  for  at  liigh  pnasurM  ifae  Taponr  affinme«  alinarnially 
atnaU  roltunea  aa  it  approAchcs  its  aatiindon-preaeurr. 

j3.  ^  Qieosnremcnt  of  the  volume  occiipie^l  bjr  a  known  weight  of  fluid, 
OT  hj  niMbsUKincnt  of  the  weight  of  vapour  which  eon.  oectipjr  a  knowti 
Tolume. 

The  fir«t  of  thew  methods  is  that  of  Gny  Luasnc.  A  tube  6Ued  with 
tuercury  ia  inverted  like  d.  Torricellian  barometer  in  a  vessel  of  roercurj",  and 
haa  a  Torricellimi  vacuum  at  ita  nypet  part ;  the  whole  in  immereecl  in  a  bath 
of  lit^uid  kept  at  a  dtifliiitc  tviupcratar&  A  little  bulb  coiitaioiiig  a  kaowo 
(juontily  of  thv  Li<iuid  to  be  vupuurivvd  i»  pawed  up  mto  the  tulx; ;  bcint; 
healed  it  bureto  ;  the  vapour  occupies  a  curUiiii  voluot^  of  the  tube  ;  thfi 
mercury  Elands  at  a  certain  height  in  the  tube.  The  mercury  etanda  at  a 
different  height  in  an  ordinjiry  baronietcr  ;  the  difference  of  readings  indicates 
the  pressure  exercised  by  the  vapour.  Ita  weight  in  known,  its  volnme,  and 
its  temperature.  A  series  of  obR^rvatioDB  is  mode  nt  different  bath<tcii)peift- 
turM.     tt  iH  <lifficult  to  cnjuK  that  all  th<r  substance  u  liquefiL-d. 

The  iecoad  method  ia  that  of  Dumas.  A  bulb  with  a  long-drawn  nock 
ia  filled  with  liquid  and  inuneried  in  a  heated  bath.  The  liquid  in  the  balb 
Tiolently  ruitlit-ji  uiit  in  tlif  va^xiuruu^  f^te  through  the  luirrow  neck  ;  Ibia 
Oeaae*  and  t-qnilibnuni  ix  *el  np  ;  tb«  bulb  in  flllrd  with  vn]K)ur  at  th« 
tomptrtttiuv  of  the  bath.  The  cix)  of  tht  neck  is  thvn  Mealed  by  a  blowpipe 
floow ;  the  whole  ie  unmoved,  c^led,  weijjlied.  Thi«  gives  the  weight  of 
bulb  +  vapour;  already  the  weight  of  the  bulb,  its  volume,  the  bath 
CetQperatun,  are  knonit ;  the  deOEity  of  the  vapour  occupying  the  bulb  at  the 
temperature  of  tlie  bath  con  be  thu«  found.  At  high  teiuperaturea  bulbi  of 
porcelain  or  iron,  and  balhn  of  nturcury-vajiottr,  eulphur-vapour,  or  zUie- 
TOpour,  may  be  uAcd  (Dcvillc  and  Ttonst). 

Th-c  density  of  Maturated  vapour. — Fairbaim  and  Tale  found  the 
denaity  of  aaturate<l  oteajii  by  introducing  into  a  recipient  of  known  capacity 
and  devoid  nf  nir  a  known  iiiiantJty  of  wnter,  iiml  by  mwuuring  the  temper- 
ature  at  which  lh«i  wh[>Ie  nf  ihn  -veiiUrT  wim  i-vajioniUHi, 

Th«  uieaaiirviiient  i)f  the  pnrwiirv  of  um-iHtiirated  vnpotir,  if  it  present 
itrnlf  alone,  is  simply  the  measurement  of  gaseous  pressure,  and  calls  for  BO 
further  remnrk. 

The  mensurenieiit  of  the  presaure  exeniaed  by  on  unsaturated  vapoiir 
which  form*  one  of  the  coniponeula  of  a  mixture  i*  in  onif  caae — that  of 
Aqueoui  Vapour  in  iht  Air — u  matter  of  importance.  A  numerical  example 
will  illuBtnitv  tliis.  If  vi-ater  be  uxijomhI  to  a  pmwtin  of  0*16  mm.  of 
mercury  (  =  0-01205  ianioa.)^  it  will  boil  at  10*  C;  if  water-vapour  of  snch 
deoaty  (supponed  confltant)  that  it  exerts  a  preesure  nf  O'QISOA  atmoa.  be 
expoaad  to  a  tempomtnre  above  10°  C^  it  will  be  imRotnrated  ;  at  10*  C.  it 
will  1>e  lAttiTsbed ;  at  any  temperature  tuUnt  10*  C.  it  will  be  in  (lart  con- 
detwed.  lO*  d  ia,  then,  the  condensation  temperature  for  aqueoua 
Tapour  of  this  preaaure  of  '01 206  atmos.,  just  as  the  tatter  is  the  saturatiuq 
pmtnire  for  aqueoua  vaponr  at  a  tempcratute  of  10*  C  If,  attw,  we  tal 
inoiat  air  contoimng  aifuifoua  va|K)ur  and  air  iu  the  proporlion  orO'OLSOS' 
to  0-987B&,  at  the  onlitiiiry  atmuiiplieric  prenure:  at  any  t«mp«niture  above 
10'  C.  it  will  not  dt'poail  myirtum  ;  at  10'  C,  it  will  begin  to  do  ao.  10*  C. 
[h  the  coodenaing  temperature  or  Dowpolnt  for  air  containing  this  pro- 
portion of  mniatnre.  To  other  proportions  of  moiftture  other  dewpol 
cormpoad  ;  tha^  can  h»  found  in  any  table  of  the  boiling  pointa  of ' 
nt  different  prceeurts.     IIenc«,  if  wc  can  And  the  temperature  at  which  air' 
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coutaiaicig  aqiieouM  vajiotir  WgittR  to  deposit  moislQre,  we  ean  by  refereaea  to 
web  UiIjIc*  tiiid  thu  pruporliuii  of  aquvous  vapoar  in  the  nir.  Tlii»  i«  effeetfid 
bjr  s  tljTgromvtvr. 

Th«  euenttal  part  of  a  fajt^meter  is  n  f;1uK— or,  better,  a  nnooth  silrer 
tnrtatx — which  can  be  cooled  down  until  the  moisture  of  tlia  &ir  begins  to 
I  a  lUin  upoa  it,  and  wboe«  t«nipemture  at  the  instant  of  th« 
Ig  of  its  brightnecs  can  be  Accurut«ly  ascertained.  Tlie  surface  may 
In  bdiioned  iuto  u  bulb  :  thia  bulb  may  contain  ether ;  the  bulb  itiuy  b« 
Oix^ed  by  bluwiu^  tUruu^li,  and  thiia  ruiitdly  cvaporatiiij;  the  ether  ;  tlio 
brnipcmturo  at  thv  instant  of  diiiimiiit;  of  Lliu  ttur&ce  uin  be  read  uff  on  a 
thermometer  whoee  lower  end  is  dipped  in  ihe  eruporating  ether.  The 
whole  may  be  allowed  spnataneouflly  Ui  bf^conic  wanner  ;  ob  it  doca  im  the 
film  diaappean  :  the  tempemtnTe  at  which  thiii  orj^ura  in  noted.  The  film  ii 
iff^  Cfttiwd  to  appear  and  disappear  ;  by  dint  nf  repetition  n  ntrAn  point 
lietirecn  the  hijj;hcet  ten]p«ratnrii  of  (Lppearanoc  of  the  tlliu  and  the  lowcat 
temperature  of  ibi  ditappooruioe  i*  obtained,  which  is  the  dowpoint  required. 

Another  method  for  sBcertoining  the  dewpoint— one  for  doing  so  by  a 
■ingle  obserration — it  the  following: — -If  a.  thermometer  bulb  be  by  any  meoiit 
kept  cool  by  evaporation — being  covered  with  a  wet  piec-e  of  liueu  which 
dips  in  watvr,  or  tho  like — the  bulb  is  wKtlud  ;  the  extent  of  eouliu^  depends 
un  the  rapidity  of  evupurutiuu  :  thu  rapidity  of  L>va|)oraUuu  duputids  ou  thu 
Lumidity  gf  the  air — that  is,  oa  the  ratio  betwoca  ihu  amount  of  atiuettua 
vapour  nctaally  present  in  the  air,  and  that  which  uiight  be  prcsi^ut  at  the 
temperature  of  the  air  il'  the  air  were  saturated  with  moisture.  The  let^  the 
liumidity  of  the  air,  llie  greater  will  Ite  the  evaporation,  and  the  ^jrealer  will 
bo  the  diiT-crcnce  Ixttwofn  the  rcndingn  of  a  tlicTiiiomcujr  kept  cool  in  this 
my  and  thoae  of  a  tlieiniomiiter  subjected  to  normal  circmnstancea,  Tables 
have  been  constructed  in  which,  for  each  reading  of  the  "  dry  bulb  "  am)  of 
the  "wwt  bulb,"  the  correfipii:iiJiirg  pereeutaf:^!  of  afi^utioun  vapiiur  in  the  air 
is  recorded. 

Dew. — When,  on  a  clear  night,  the  earth,  stones,  plants,  etc., 
become  cool  by  free  radiation,  their  temperature  may  sink  below 
the  condensation  temperature  proper  to  the  particular  percentage 
of  aqueous  vapour  in  the  air.  When  the  temperature  thus  sinks 
helow  Uie  dewpoint,  the  moistui-e  of  tlie  air  is  partly  deposited 
iu  tlie  form  of  dew ;  and  tho  more  highly  charged  with  moisture 
the  air  had  become  during  the  day,  the  earlier  and  the  heavier 
is  the  deposit  of  dew  at  night. 

Changes  of  Elasticity.  —  Among  other  changes  of  state 
eiTecttHi  by  heat  it  is  important  to  note  the  change  produced  in 
the  elasticity  of  a  body. 

If  a  gas  he  kept  at  the  same  temperature,  ita  elasticity 
— its  resistance  to  a  small  compression — is  numerically  equal  to 
the  pressure  which  it  cxerta. 

If  a  gas  be  compressed  in  such  "wise  as  to  lose  no  heat-energj*, 
it  becomes  heated,  exercises  inore  pressure,  and  ofTera  more  resist- 
ance to  compression,  and  is  tlterefore  more  elastic ;  its  elasticity 
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under  adiabatic  compression  is  greater  than  that  at  constant  tem- 
perature in  the  ratio  of  1*4058  to  1. 


Trasspokmatioss  op  Heat. 

Transformation  of  Work  into  Heat  may  be  effected  directly 
by  the  ayeiicy  of  fricLion,  or  iudirt!Ct!y  by  the  tranfifonnauoii  of 
kinetic  energy  into  the  enei^es  of  noise,  ligbtj  electrical  condition, 
which  are  in  their  turn  converted  into  heat  Even  the  00Dver> 
sion,  apjmrently  direct,  by  the  agency  of  friction  may  be  due  in 
the  first  plnce  to  the  generation  of  local  electrical  currents  or 
stresses,  tlie  energy  of  which  is  afterwards  converted  into 
heat. 

Transformation  of  Heat  Into  Work. — We  know  that  work  done 
=  fi,  tlie  prodiitt  of  till?  iivyniyfl  force  atUuji  into  tin?  3pai:e  tlironj^h  which  it 
liim  iK'lfcd.  From  our  previowH  clieeiissidnB  of  the  Iiiilicjil(ir-I>ifigram  we 
uiiderftaiKl  that  the  work  tlone  by  any  »iibHtn&oc  tJiiring  expanaiou  cou  Iw 
rofirpfvnt<-U  \\y  th<.'  area  p^'v'vp  (Fig.  133),  whew  0;»,  O//  iTp«*ent  llic 
original  nnd  final  pressures,  Or  and  Op'  the  origiiml  and  finrJ  voUimen  The 
work  M  positivf,  dotio  by  thi*  expanding  8ubatanc<>  (stemn,  air,  ett)  if  the 
txpftfiHion  be  positive,  from  Ov  to  Ok'  ;  negative,  done  -upon  it  if  tlie  crpan- 
siuu  Iju  Ti>!){ilLlv<r,  rut  fri>iii  Ov'  L<i  a  Icko  vit]ii«  Ov. 
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AVTiere  work  ia  done  hfitli  hy  and  upon  the  working-  HiiliBtiwio?,  ac  in  Fig. 
1S4,  the  negative  work  ji'p'v'v'ii  bidng  mihtractfd  from  th«  ponlive  work 
vp'v'vpp,  Ihorc  is  left  an  lUVtt  pp'p'v'v,  which  i¥ppc«cnt«  ihc  work  done, 

11'  the  cuni?  pp'ii"  he  (uioplieated,  the  total  work  done  may  be  found  by 
diflMcting  tilt!  ligiire  ;  auy  complex  opei-atioa  may  be  resolved  into  a  uaiuber 
uf  aimptt;  imv*  of  which  exch  priMULces  itii  own  eCTeet ;  the  work  done  ii  found 
by  a  proci!E9  of  Kitminiitioii  of  piiiitive  ntid  negative  an-ax, 

Wli«u  the  working  subntano^  returns  ti}  it«  original  vulume  and  presmrti 
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u  in  F'ni,.  135,  tLf  ^lui/IcJ  anw  a}!Biu  indimtcfi  Ihc  iiuviunt  of  work  dutw  by 

ibu  wurkiiiK  kuIwUiiw,  jui^t  w  if  iii  F\\;,  13i  tha  Una  p'z"  hatl  leeti  tnndo  to 

cuiiiciilo  Tintli  ;nj.     Tin;  work  is  poEitive  if 

the  change  of  {iressura  and  of  voliiiue  have. 

been  eflecled  in  tlie  direction  of  tlit;  arTx<v.fi ; 

negatire  if  effected  in  the  contmry  wnae.  ''' 

Snch  ftn  opt-ratioa  is  a  Oyole. 

The  ailvuntAgc  of  8ttidyi»(;  the  anionnt 
of  work  done  by  a  working  Hubatancv  opcr- 
dtiat;  in  a  cycle  is  that  wc  aiv  not  caUvd  j' 
iijxjit  to  tak«  (he  iiitenial  work  into  accoimt, 
Tlic  Ijtxiy  reliiriui  Ht  th*  «icl  of  the  opera- 
tion to  it«  primitive  cnnditioii,  mid  tliem  in 
]!■>  Iiaiiiiive  i>f  work  <lwuf:  itithor  by  i>r  n^in^l 
iQtcmal  forci,'*. 

Into  the  L'linFidenitiun  of  a  cyclu  we  in^ 
trodnce  nn  aranmptioii  lliat  it  ia  poE^ilO^  for 
A  workinp  aubataiice  to  rettim  to  the  Fame    o         '  ■ 

condition  aa  regjirils  pTwwiire  and  voUiine  at  the  original  lemiK'rnture  ; 
this  inij^ht  not  havit  Ivccn  true  &»  regards  any  nctnal  fmhstancc,  though  it  ii 
lhcor«tically  tnic  as  rcfpuvlH  ix-i-fecl  giL»cs  ;  it  is,  however,  actiudly  true  aa 
regards  pbysieal  gases,  for  the  cliuticity  of  gases  is  perfect 

We  must  choose  itoine  particular  kind  of  cycle  for  oot  ideal  operationa  ; 
that  to  be  t-xplaicied  ia  ibc  one  best  adapted  for  the  tttady  of  the  relations 
hot>vi.'eii  work  and  hciU^  mid  waa  devii^i^d  in  itA  priiniUve  fomi  Ijy  8adi 
CnmoL ;  it  !■  benci;  kimwn  a*  Oamot's  cycle. 

If  a  gae  expand  at  cuniitant  temperature,  we  know  by  Boyle's  law 
Uutt  the  pn.'saure  and  the  volume  \T,ty  inverpuly  ;  thi»  law  cut  be  expl«t«ed 
gnphically  hy  an  i:i{uilateral  hypei-bolo,  for  in  that  nurve  xy  =  coiiet.  Tiie 
pressures  oiid  voluuies  at  tlifferent  tfiinpcmturi'S  ore  repntK«ntvd  by  puiutx 
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on  different  hyiJerbola*.  Imagine  thow  of  Fig,  13fi  to  repTOBent  pcirti^niB 
of  these  cnrvcn  for  temperaturea  6^*  Abe.  and  f)j'  Abfi,  for  a  piven  mmw  of 
(abrtanre.  Tliia  snbRtnnc^,  nt  the  temperature  Gj  and  prfwnre  pp  will  have 
the  voloinc  r  :  to  the  presenre  p^  "-^  *^^  Mime  temperature  corresponds  volume 
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1^  ;  if  till  tcuipciuturv  bu  S,  and  iireaauro^,,  the  volume  will  W  not  r,  but 
V,,  a  point  uQ  ibc  bigbcr  hy2J<!['bok,  on  the  Hue — tha  aocalkd  Isothermal 
line — corresponding  to  the  temperature  &^'  Abs. 

ExpEUiflioa  of  a  gas  invoUttH  a  more  rapid  fall  of  pn?*»urc  when  it  is 
effected  adialjAtioilly  tlmn  whtn  efTcct^^d  at  constcknt  t4.'Ri|>cratuK,  for  tho  goa 
coola  down  :  tho  Adiabatlo  Imv*,  which  exprcaa  the  relntioni  between  jtrea* 
SUK  nnd  Vdlunic  mIioq  heat  is  neither  supplied  nor  ttllowed  to  eaca]ic,  klope 
more  etfeply  than  the  isothermal  lines  for  the  aame  Hub»tane«.  Fig.  137 
TOprcs«nta  thei«  lines,  and  «Iiowh  the  Tclatiutia  betwtrvD  t)i<^  pressures  and 
volumes  L>f  a  tiubtit&iie«  starting  fruni  couditiona  p^,  V,,  9,,  and  p,,  v,  0^  whieb 
correspond  to  tlioM  of  the  previouB  figure. 

Let  UK  now  imperpow  the  two  fipircs  136  and  137,  and  w«  obtain  Jig. 
tSS,  tiud  um  now  prepared  to  ondenFtand  Coniot's  cycle. 
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The  etepa  of  Oamot'a  cycle — 

I.  Suining  with  our  workin;^  EubetuncE  at  tho  cutiditioa  pj,  Vj,  9^  Aba. 
{point  Aj,  wc  allow  it  to  expand  at  the  tciupcmture  Sj",  ihiB  toniperalun; 
boiug  uminUuned  conatnnt.  Running  through  succL'sdvc  prcnun^  and 
volumc;B  represented  by  aucr^jiaive  pointa  on  the  iflothermal  lino  6^,  it  ossuidm 
a  preaaure,  say,  'p^  and  volume  i-j'  (point  E). 

Work   la  done  eq^ual  to  p^t^  log  -1  =  the  area  ABn^V^.     Tlii»  work  i* 

done  at  the  cxpcnac;  of  heat-«nergy  supplied  to  the  working  nubBtiuiee  from 
an  external  sourc*. 

a.  Starting  from  the  condition  p,',  Vj',  ff,  (point  B),  we  allow  the  work- 
ing »ubAtanca  to  ex]i»nd  adialiaticjilly,  until  it  assumes  the  teniptr&ture  6^ 
onA  tlw  corre»£HjudiiiK  cimdititin  p,^,  v„\  $^'  (piiiiit  C).  BC  i.*  a  jiort  of  tlie 
ndiubdtci;  Unv  |ULwitif;  through  B  and  cutting  the  9^  isotlii-mial  in  C. 

Work  mjual  lo  the  an^a  BCv^'v^  is  done  by  tli«  «xpandinj{  inlittiuicv,  but 
at  tbe  expenm  of  its  own  beat-«nergy,  for  no  h«at  is  supplied  to  it 

3.  TtiQ  ifubstaLQce  is  now  compreeacd  until  it  oasumes  the  conditioa 
Pv  f  jt  ^3 — ^'^^  i^  until  it  ruti^  frouL  C  bo  far  U])  the  isotliermal  line  0^  as 
to  lutut  at  T>  UQ  udiubutic  line,  which  ]>asse«  tlirougli  the  unginal  point  A. 


Work  ie  douE  etjual  to  tho  area  CDv^v^  =  p^fj  log  -^  :  but  it  is  done 


u 


xuui 


cabnot's  cvclk. 
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the  working  saWlAacc  for  that  eabstanc^  is  comprentHl,  uid  htut  to  a  eom- 
QKmdutg  unouDt  is  lost  b^  tbc  working  inhetanc^,  panes  to  snrronndtiig 
objects,  and  may  be  wasted  bv  conduction  luid  radi&ti<m  into  all  the 
nnivCTse, 

4.  The  body,  fmm  irhich  no  more  bent  i*  Allowed  to  v«capr,  b  now  sop* 
poaed  to  be  tttU  ftirtli«r  compntnd  until  il  has  rqiained  its  origiiul  condtlioB 
/*!!  *!•  ^1*-  Work  is  drae  on  tb«  expandinf;  enbstance,  bat  appears  as  b«at 
in  t£e  sabvtaoce,  not  as  eitemal  work  either  positive  OT  negativt,  and  the 
tfimperatore  rises,  for  no  heat  is  allawed  to  ewape. 

The    whote    enet^   supplied    to   the   worldng    rabMaoee    bom    the 

Uut   wast«d    is  j),r,  log  -t  ;   thot  utilised    is 


«>ource    is   pjVj    log 
^e,  log  ^  -  p,»j  log  ^* 


Pi"!  log 


-^  of  the  whole.     Thie  can  be  proved  (Veidet,  TTur- 


-modyumigiu,  p.  127)  equal  lo  €i~l — IxJ  of  tiie  whole,  fta  -X  =  ^  nhm 


Pi"! 


the  area  ASCD  b  very  small      But  p^v^  =  Rd, ;  p,i),  =  UO^  where  d,  and  $^ 
are  the  respective  tcmperataro*.     Hence  the  projiortion  of  raitijjj  utilised  is 

— 1 2,  or  -1— — '  of  the  whole. 

Th«  workint;  subetanoe  operating  in.  loch  *  tiy6tt  acts  u  a  distributor  of 
eneixy  ;  it  dividw  H,  the  heat-«nergy  supplied  to  it  from  the  Source  of  heat, 
into  two  partt :  one  part,  Hj,  passing  to  the  CoDdenser,  is  lust  by  conduction 
and  nullution  ;  the  reniaiodcr,  W,  is  usefully  coarertcd  into  external  Work. 

The  heat  H  is  supplied  at  the  higher  tempemture  0^ ;  the  qnootity  of 
limt  II,  is  lost  to  surrounding  ol^ecta  at  the  lower  tempcratura  0, ;  the 
EfflcIoDoy  of  sud)  an  ideal  amugoment,  the  ratio 


ll«at  utilised       H  -  H, 


w      e,  -^ 
H  "      &i    ' 


Heat  supplied  H 

Tbns,  eo  f ar  as  Camof  s  cycle  is  concerned,  even  though  we  could  find  a 
working  substance  and  construct  a  machine  which  could  carry  the  cycle  out 
in  practice,  yet  there  would  be  a  great  waste  of  beat-energy,  unavoidable 
unlcsa  we  bad  n  condenser  at  a  temperatniv  of  absolute  zero,  if  the  temper- 
ature of  the  boiler  of  au  ideal  engine  competent  to  work  out  Ouitot's  cycls 
w«r«  120*  C.  (393*  Abs.),  and  that  of  the  condenser  0"  a  (273'  Abe.),  tha 
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work  done  by  such  an  engine  cmild  not  exceed 

per  cent  of  the  whole  energy  su]>plie<l  as  best. 


393 


or  about  30-0 


The  cycle  above  considered  is  i-dverslble ;  tracb  step  in  it  can  be  retraced 
could  be  retxaoed  if  we  could  construct  an  eo^ine  capable  of  working 
without  waste  of  energy  in  noise,  friction,  excessive  conducUon  and  radiation 
of  beat,  and  the  like — work  being  done  not  by  but  upon  the  engine  as  it  is 
driven  btickwanU. 

The  effect  of  ntrciviog  such  a  cycle  would  be  that  work  W  being  done 
upon  the  engine,  tJio  quantity  E,  of  heal  would  be  taken  from  the  eoudenser, 
and  the  quantity  H  of  heat  would  be  communicated  to  ibc  source; 

Any  engine  mmt  operate  through  periodic  cyirlus  if  itjt  action  ia  to  be 
coQtinnous :  and  in  every  engine  there  is  au  ubsolutely  nocefluy  vaala  of 

2  A 


energy  arininp;  frnm  the  neccfaitj  of  rmttoring  the  engine  to  its  piimiliTe 
poHilion  in  orrlcr  ihat  iU  pinion  may  repeat  it«  pifective  lhni«tii. 

Camot'a  ideal  "  perfect "  eoRine  in  one  wliicli,  witli  a  wurking  KnWAnce 
capable  of  rctoming  to  ila  primitive  condition,  will  work  out  the  revenihk 
cycle  aboTe  describetl,  sad  tliUK  attain  tbe  efficiency  above  indicated :  an 
eaipne  wUicli  watte*  uo  eaGi:(;y  oUicivue  lltou  by  restoring  the  primitive 
condition  of  il8  workini;  eubctauce. 

The  perfectiun  of  a  perfect  engine  depends  not  on  the  nature  of  the 
working  inih«taiic-»,  but  en  tho  reversibility  of  tlie  cycle  which  it  uperolc^ 
and  the  efficiency  nf  siicli  a  rcvereihle  engine  depunde  only  fii  the  tcmper- 
atufM!  betwepn  wliiiih  it  works,  Oamot'8  Principle,  as  enonnced  by 
hiinself  IB — the  motive  power  of  heat  ia  independent  of  the  material  agenta 
employed  to  rtaliae  it ;  its  qutuitity  ia  dut^riuincd  solely  by  the  tcmperatares 
l>ctwcfn  which  the  "  tranepoi-t  of  Caloric"*  is  effected. 
W 

The  efficiency  ^  =  4,  {I,  t  - 1),  where  I  =  ff,  and  (  =  fl,  -  ^^ 

=  0  -  ^  (f)  (. 

The  efficiency  depends  upon  t,  iJic  difference  of  teupemliuea  between  the 
•ource  and  condenser,  uad  upon  •j'  (0>  ^  fuuction  of  I  which  is  called 
Oftmot's  fuootlon,  0. 

dilTtTence  of  teniix-rature*       ( 

"  T 
1 


'Wc   hart!  oUo  Kcn  that  efficiency  - 


tempt; riLtiirr  ni  Miiirce 
Hence  C  =  ■^  ;  and  Camot's  function  ia  the  reciprocal  of  the  ahaolute  tem- 
perature. 

The  efficiency  nf  a  Carnot's  reversible  engin*  u  gteatttr  thui 
that  of  any  other  engine  If  it  were  possible  to  deviaa  k  mora  aBeiasI 
engine  it  niigbl  be  employed  with  the  expenditure  of  a  certain  amount  of 
heat  to  drive  a  rereraible  i^ngine  ItaekwardH;  the  iiourt:«  and  the  condenser 
of  Uie  Canmt'a  engine  niifjht  hu  thi;  mme  an  thoee  of  the  better  engine  :  the 
Caniot's  engine  would  U-  iK-ciiplfd  in  roatorinK  to  the  eouico  the  heat  taken 
from  it  by  the  hotter  en^inu  ;  00  the  whwle,  a  eurpluii  of  work  would  daring 
each  cycle  be  done  by  the  conjoined  mechauiem — a  surplus  not  accounted  for 
by  beat  lost  by  any  body — a  creation  of  energy. 

If  the  better  enginne  were  employed  in  driviug  a  laixer  Camot's  engine 
backwards,  thure  ntjght  L«  no  eui-pius,  no  external  wcrk  dune  ;  but  a  greater 
amoimt  of  heat  would  be  coiivi-yed  tu  thi>  source  by  thu  reversed  Comot  than 
would  be  tiUien  from  it  by  the  more  efficient  hat  smaller  engine,  and  the 
whole  heat  of  the  imiverac  might  be,  step  by  step,  induced  to  travel  throtlgb 
the  conden^r  into  the  source  of  the  conjointd  mechanism — a  eonoltuaoti 
evidently  abHUrd. 

That  it  iH  alwurd  in  the  aim  of  the  Second  iMvr  of  ThermodynamioB 
to  stat«  :— Heat  crninot  of  ilnclf  piuw  fnmi  a  coldrr  luxly  t<i  a  hoMrr  one,  nor 
can  it  be  nutdc  mi  to  paw  by  any  inunimnlo  luatrrinl  m<.-chnntHm  :  and  no 
mechanism  can  be  driven  by  n  simple  cooling  of  any  material  object  below 
the  temperature  of  surrounding  object*. 

Thi.'  won)  simple,  or  some  equivalent  word,  ii  necewory  in  tlie  above 
statemeut  uf  the  ecoond  law  for  the  foltowing  reason  ; — A  quantity  of  eou- 


An  vspranioii  inif  tying,  na  in  his  day,  the  material  th««ry  of  heat 
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pKOed  gOA  can  do  external   wMrk,  nnd   in  so  doing  cool  itwIX  b«low   Lhe 

tcmperatore  of  surrounding;  oltjecte  ;  but  iU  cooling  is  Dot  ft  aimpk  Ion  of 

heftt-cnerKX  ;  there  u  a  cancurr«at  change  of  cooditiou  of  tho  gae,  s  clioiige 

which   cannot  be  reversed  without  the  expeaditure  of  lioftt  lixoccdiug  in 

aniQunt  the  heat  converted  into  work  by  thu  cipuuling  gna. 

Thia  being  admitted,  wo  uitj  Kuaon  backwardfl  and  arnve  at  the  TStio 

6—6 
of  cffidencry  -L, — i  in  a  revcniible  engine  as  a  diiwt  coroUary  of  the  pro- 

poiIdoD  ;  and  tho  statement  of  that  mtio  of  efficiency  in  a  revermhle  engine 
il  also  known  ae  the  Second  Law  of  TUemiodynamicH, 

This  PpDlcan  law  nasunir^  another  form,  apparently  different  from  but 
MBsntially  identiail  vith  both  the  preofding.  Ternpi^mtnTe  b«ing  Buamcd 
proportional  to  thi?  toUl  hent-onergy,  the  totnl  anionnt  of  heat-^ncrgy  11 
■applied  at  the  higher  UiniperuUire  6^   is  proportional  to  $j^ ;  Jl  =  e6■^  ; 


Similarly  H„  the  heat  lost  to  tKe  condenser  at  the  lower  temper* 
H, 


H.™«^|.  =  0. 


In  general,  in  the 


•lure  flp  is  Hi  =  c^j '.  ?  "  «• 

most  complex  ret-urBiblc  cycle,  S  -g-  =  0,  or/—^  =  0  (Thoiusou)  j  an  ex- 

prawion  VL'ry  convenient  for  mAtbcmaticol  piirpoace,  but  difllcult  to  translate 
into  words.  In  a  perfect,  a  rcvereible  cycle,  the  sum  of  iht*  equivalences  of 
all  the  traTSifonnatiOini  ia  zero  (ClauBiUB).  In  a  non-reveraiblc  prooen  the 
■um  of  the  tranarurmationa  ia  positive.  According  to  Hankinc'a  mode  of 
exprcasiOQ,  eubstantially  identical  with  the  prece<ling,  the  second  law  is:  If 
the  abitwlute  t«aiperature  of  a  uniformly -hot  substance  hn  divided  into  any 
number  of  equal  parts,  tlie  effect  of  each  of  thoee  parts  in  causing  work  to  be 
perfwnied  is  equal.  This  implies  that  the  absolute  teniperatare  is  propor- 
tional  to  the  total  hcat-eacrgy,  and  so  mei-gea  into  the  preceding  form  of  the 
aecond  law. 

Lastly,  ComolV  principle  itself  ia  olten  colled  the  Second  Law  of  Tbcrmo- 
dyniLUUoiL 

We  have  already  stUilicd  the  direct  trnnafomation  of  heat 
into  ■work  :n  the  radiometer.  In  the  Bteani-engine  the  heat  of 
the  steaui  may  ba  iu  part  converted  into  work ;  the  piaton  is 
bombarded  by  the  particlets  of  t)ie  steam,  and  if  the  reaistance  to 
its  onward  movement  be  not  excessive,  it  is  thrust  for\vard  by 
the  joint  impact  of  the  particles  which  iiupiuge  on  it,  their  several 
components  of  motion  parallel  to  the  piston-rod  being  efi'ective  in 
this  respect, 

Kven  under  the  moat  favourable  circumstances  which  can  be 
conceived  heat  cannot  be  wholly  converted  into  work  by  any 
form  of  continuously-acting  mechanism.  The  efticioncy  of  the 
ideal  perfect  engine — small  though  that  efficiency  be — is  never 
approached  in  practice;  and  the  efficiency  of  the  human  body 
considered  as  a  machine — oiio-fifth  of  tho  total  energy  supplied 
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to  it  being  capable  of  utilisation — ia  remaTkable  when  we  consider 
tlie  narrow  limits  within  which  it  operates. 

Work  can  thus  be  wholly  converted  into  heat,  bnt  heat  can 
never  be  wlioUy  converted  into  work ;  whence  a  universal  tendency 
to  the  Degradatiou  of  Energy  into  Heat,  the  lowest  of  it«  forms. 


Measubemekt  of  Ueat. 

Temperature  we  have  now  seen  to  be,  when  mea^sured  from 
an  absolute  xei-o — a  zero  of  absolute  cold — (1)  proportional  to 
the  absolute  amount  of  molecular  kinetic  energy,  and  (2)  to  bt 
the  reciprocal  of  Carnot's  function. 

"Wliat  ia  meant  by  equal  degrees  of  heat  ?  Why  is  the  differ- 
ence between  0'  C.  and  1*  0.  supposed  to  be  equal  to  that 
betwewn  100'  C.  and  101°  C.  1 — In  a  perfect  gas  equal  diflerences 
of  temperature  correspond  to  equal  incremeuta  of  energy. 

In  a  diagTBin  coatiiimcig  a.  tsyttem  at  oiliabntic  md  i»cUiennal  line*,  tb« 
iBothemuU  lines  mtut  be  so  drawn  aa  to  cut  off  eciual  areu  between  the 
adiabatic  line*. 

Absolute  zero  would  correspond  to  total  absence  of  beat- 
energy. 

If  we  had  a  perfect  gas  at  command  we  might  measure 
temperature  by  its  means  in  either  of  two  ways  ; 

(1)  We  might  observe  its  pressure  at  constant  volume: 
equal  increments  of  pressure  correspond  to  equal  increments  of 
temperature. 

(2)  We  might  observe  its  vwying  Toliune  at  constant  pressure : 
the  volume  is  inversely  proportional  to  the  pressure,  and  within 
narrow  ranges  equal  increments  of  pressure  approximately 
correspond  to  equal  increments  of  temperature. 

The  former  is  the  more  accurate  method. 

We  have  no  perfect  gases  to  experiment  upon :  air,  etc  are 
not  perfect  gases.  Yet  we  umy  perform  either  of  the  above  opera- 
tions on  a  quantity  of  air  confined  in  a  flask,  and  thus  coustruot 
an  air  thermometer.  The  former  method— that  of  obser\'ation 
of  presBure^is  here  doubly  preferable  to  the  latter^ — that  of 
observation  of  expansion — because  in  the  former  there  is  uo  waste 
of  energy  in  doing  internal  work,  and  the  increase  of  pressure  is 
appreciably  the  same  as  that  of  a  perfect  gas.  The  indications  of 
an  air  thermometer  used  in  this  way  may  hence  be  assumed  as  an 
accural*  standard  of  comparison. 
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By  it  we  find  Uiat  for  s  fall  of  1'  C.  (from  1*  to  0'  C.)  oa  llio  morcurial 
thennomeUr,  tim  prumue  uaks  id  tht-  ratiu  of  574  to  373  ;  bcocc  the  tGin> 
pcntvuv  eiaks  in  ttiu  aam«  rntio^  ulwulutc  zero  is  -  S73*  C^  and  Camot's 

for  a  temperatun  of  0'  C,  uid  of 


function  hta  ttie  nutnGiical  rs]ue  of 


373 


1 


»73  +  i 


for  a  toraperalure  of  t"  C. 


Two  bodies  arc  said  to  bo  at  differcEt  temperatures  wbea  the 
one  hoa  a  tendeucy  to  lose  h4>At  to  tlie  other ;  to  have  the  same 
temperature  when  there  is  no  such  teudeucy :  and  bodies  are  at 
the  same  temperature  when  they  have  the  same  heat-energy  jw 
tecuie,  not  per  unit  of  weight. 

Differencea  of  temperature  may  be  roughly  perceived  by  the 
TjRiid  ;  the  sense  of  temperature  can  even  be  cultivated  like  that 
of  musical  pitch  so  as  to  arrive  at  approximate  accuracy  without 
reference  to  a  staudard  of  known  temperatme. 

Any  of  the  elTects  of  heat  may  be  used  for  detecting  the 
presence  of  beat  and  for  constructing  a  thermoscope.  Arbitrary 
gmduation  of  aay  thermoscope  will  enable  it  to  be  used  as  a 
tbermometer. 

Br^guet's  metallic  thermometer  is  a  spiral  strip  composed  of 
three  metal  strips  soldered  together  by  Iheit-  broad  svirfaceB:  the 
different  rat^>3  of  expansion  cause  the  spiral  to  roll  or  unroll  ac- 
cording to  the  variations  of  temperature,  and  thereby  to  move  a 
pointer. 

The  air  thermometer,  one  of  whose  forms  is  shown  in  Fig. 
139,  is  principally  used  as  a  standard  of  r.  fij.ub. 
reference.  AT)  ia  a  manometer,  in  which 
above  n  there  is  a  Torricellian  vacuum  : 
H  is  an  air  chamber,  K  an  auxiliary  cistern 
of  mercurj'.  As  far  as  the  mercury  A  is 
depressed  below  a  certain  mark,  bo  far  is 
the  level  of  mercury  at  B  raised  by  rais- 
ing the  mercury  cistern  E,  closing  the 
stopcock,  and  elTecting  a  fine  adjustment 
by  means  of  the  screw  C.  Tlic  volume 
of  the  gas  biitweeu  B  auil  A  is  thus  made 
constant,  and  the  column  of  mercuiy  AD 
measures  the  pressure  on  the  gas.  ^^^ 

Tlie  same   thermometer  may,  by  an 
adjustment  of  the  height  of  the  column  AD,  be  used  as  a  con- 
stant-prcssurc-and-variable-volume  air-thermometer. 
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The  air  thermometer  presents  tho  disadvaatago  of  being  ex- 
tremely unwieldy  ;  but  it  lias  the  advantage  that  the  expansion  of 
the  glass  produces  little  effect  in  aniHing  a  ililTerence  between  the 
apparent  and  the  real  expansion  of  the  air,  or  iu  vitiating  the 
adjustment  to  constant  volume. 

The  ordinary  merciarial  thermometer  ia  a  familiar  object. 
Its  simplest  form  would  l>e  that  of  a  flask  with  a  long  neek.  If 
the  neck  were  open,  the  mercury  would  l>e  in  danger  of  accidental 
loss  and  of  evaporatiou ;  the  neck  must  therefore  be  closed.  If 
it  were  simply  dosed,  the  air  contained  in  the  neck  would  at  high 
temperatures  be  compressed;  the  bulb  would  burst;  hence  a 
vacuum  must  be  produced  iu  the  upper  part  of  the  neck.  This 
vacuum  is  produced  by  closing  tlio  tube  while  mercury  is  boiling 
within  it;  on  cooling  the  morcary  couti'acts  and  retracts,  leaving  a 
space  containing  ouly  a  certain  quantity  of  tlie  vai>our  of  mercury. 
As  to  the  graduation  of  the  mercurial  Ihermuuieter,  this  might 
bo  effected  by  comparison  with  an  air  thermometer,  a  troublesome 
process,  resulting  in  degrees  true  but  unequal  in  size ;  or  by  taking 
advantage  (Renaldini)  of  the  fact  that  the  "  freezing  point "  of 
water — or,  better,  the  melting  point  of  ice — and  the  "boiling 
point"  of  water — or,  better,  the  temperature  of  steam  at  the 
pressure  of  760  mm.  Hg. — are  constant  tempera- 
tures, and  may  be  taken  as  fixed  points ;  that  the 
height  assumed  by  the  mercurial  column  at  tliese 
two  temperatures  may  be  marked  on  the  tube ; 
auJ  that  the  tube  between  these  two  marks  may 
(Newton)  be  niechauiuiUy  graduated  by  equal 
division  into  degrees — a  method  certainly  con- 
venient, but  only  approximately  correct 

The  TjoiliriR  point  of  wBtcr  le  catimatcd  by  inaating 
^*'  the  thcrmomc-tor  in  an  atmosphtre  &f  steam  BUiroanded 
by  a  stejuji -jacket  (Fig.  1-tOJ,  iDlendecI  (Berthelot)  to  clietk 
irregiilfir  eomifctisatitin.  The  pressure  must  be  llie  etanitainl, 
760  rtmj.  H({,  Thf?  "fpei'2inn  jioiiit"  niu»t  Ijc  cK-U-rtninM] 
by  tilt'  pii^itiun  awnmril  by  tin;  luwrciiry  wWn  the  water 
whicli  tricklM  off  innltiti;;  icb  flows  in.  a  stream  oreT  tbc 
mercury  bulb,  th«  wfaote  being  nirroundcd  by  a  jacket  of  tneltiiig  ic«. 
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On  the  Centigrade  thermometer  (Linnaeus)  the  "  fVeezing 
point"  and  the  boiling  point  are  respectively  0'  and  100"  C, ;  on 
the  Fahrenheit  scale  they  are  32*  F.  and  2 1 2°  F. ;  0°  F.  being  the 
lowest  temperature  attained  by  Fahrenheit  (Phil.  Trans,  1724) 
by  meaiiB  of  a  mixture  of  ice,  water,  and  salt  or  sal-ammoniac. 
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Fabrenbiut  did  not  um  the  builiDg  point  of  water  as  a  Btandard,  but 
inagiDcd  h.\a  tem  to  1)«  an  ab«ulatt!  zuro,  and  tlicn  laaile  or  intended  to  make 
tht  frcexing  point  of  water  to  stand  at  ouc-tbird  between  Lhifi  abeolmte  eoM 
tad  the  t«mprmtiire  of  the  human  body,  which  for  convenience  he  called  96*. 
Water  has  been  lued  as  the  exiuiridini^  Kitbotanoe  In  thcnnometcni ;  it  is 
ftbjectidnable  on  account  of  it*  point  of  maximum  densitj*.  Alcobol  is  n«ed 
at  very  low  tcntperatmva,  becauae  it  it  not  readily  froeen.  Mtrcury,  which 
i«  wry  .vlvantageoos  on  acconnt  of  ita  low  apedfic  beat  and  ita  ready  napgnaa 
W3«  broii[;bt  prominently  into  notice  hy  the  astronomer  Hall«y. 

Tiie  sensitiveness  of  thermometera — the  power  of  reveal- 
ing minute  variations  of  temperature — is  increaseil  by  narrowing 
the  tube  or  by  enlarging  the  bulb.  A  large  bulb  is,  however, 
incoavuniuiit ;  becuusu  it  is  difficult  of  insertion  in  apertures 
— a  fault  which  ituiy  be  remedied  by  giving  the  bulb  a  cylindrical 
fonn  ^  because  it  may  alter  materially  the  temperature  of  the 
object  whose  temperature  ia  to  be  ascertained  ;  because  it  slowly 
equalises  its  tcmperaturo  with  that  of  the  object  A  narrow  tube 
is  inconvenient  becauac  a  narrow  thread  of  mercury  is  difficult  to 
see ;  this  mtiy  be  remedied  by  using  a  tube  of  flat  elliptiwil  sec- 
tion, and  by  enamelling  the  back  of  it. 

The  main  causes  of  error  in  the  use  of  a  thermometer  are, 
tliat  the  graduation  alters,  the  "zero  rises,"  or  a  thermometer 
ioaerted  in  melting  ice  comes  in  course  of  time  apparently  to 
indicate  a  temperature  somewhat  aljovo  0°  C.  or  32°  F.,  this  effect 
"being  probably  due  to  a  alow  yielding  of  the  bulb  to  atnin?plieric 
pressure;  and  further,  that  it  is  not  always  poaaiblo  to  unsure 
that  the  whole  of  tins  mercury  is  at  the  same  temperature. 

In  testing  a  thermometer  it  is  important  to  see  that  the 
"  freezing  point "  and  the  "  boiliug  point "  are  accurately  indicated 
by  it,  or  that  it  agrees  with  a  thermometer  in  this  respect  correct ; 
and  that  the  bore  of  the  tube  i^s  uniform,  so  that  a  little  detached 
portion  of  the  thread  of  mercury  may  occupy  au  equal  length  in 
all  parta  of  it. 

For  accurate  comparison  of  thermometers  thoy  should  be 
immersed  together  in  a  cooling  lluid  rather  than  in  one  which  is 
being  heated  (Fourier) ;  the  temperature  indicated  by  a  thermo- 
meter in  a  cooling  fluid  ia  always  a  little  higher  than  that  of 
II le  lluid. 

Tot  practical  detaiU  crinnoct«d  with  testing  Ihcriiioractcre  ma  Qscheid- 
I«n,   fhyiiolagiidu  MtOtodik,  p.  76. 

For  obeervations  of  thu  teuip«nituTe  of  tho  akin  it  is  well  (Colin)  not  to 
cover  the  bulb  with  QonneK  or  to  Xgoxs  the  thermometer  ia  auch  ciicum- 
stances  for  too  Ion;;  a  time,  for  tlie  nkin  UBumes  ibe  tcmperaturfi  of  tho 
int«nur  ;  nither  aboald  quidclv-acting  thenoometers  be  uited.     Apply  a  thcr- 
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mometer  quickly,  fresh  &om  the  podcet  or  the  liand  :  k«ep  it  cloaely  in 
coQtoct  mik  tli«  tkin ;  avoid  blowing  on.  the  bulb  ;  put  a  UtUe  cupola  of 
papar  or  cvttoa  uvcr  Uiu  bulb,  l>ut  uut  in  coiiUw-t  with  it. 

Special  forms  of  Meroury  Tbermometers. — lu  thu  maximum 
tbermumeter  abuve  thu  coliuiin  of  nii-rcury  u  smnlt  bubblu  of  utr  iB  iatro- 
duced  ;  nbnve  thiii  a  titllf^  ihrpjid  nf  men'.tiry.  When  the  toaipcratuie  riaes, 
the  air  is  conipressed,  the  thriyid  is  pushi'd  npwartls ;  when  the  tempewtore 
fall*  lack,  the  tluvad  of  mercury  does  not  return. 

The  niinimum  tbctDionittcr  is  usually  ft  spirit  tfaennometcr  vith 
a  little  brond-liciidcd  piece  of  wire  loosely  fitting  ia  the  spirit.  It  i»  ad- 
justed with  iU  htad  touching  the  BUrface  of  tlie  thermouictrie  liquid. 
Wtien  the  liquid  coutnicls,  aiirfftci>  Lenitinn  dr^pi  the  wire  with  it ;  when  tbe 
teinjwraLun'  Hm!*,  tbi;  liquid  |iiuii>nt  Lbe  wire  witliout  forcing  it  upwards  :  the 
position  of  till!  (tjid  yf  thw  wire  ucan-vt  Iho  frvu  snrfoct^  iiidii:-»U«  the  low««t 
hviA  U>  which  ibo  Burfai;i;  luid  sunk,  and  thi;n.'fore  the  lowu*t  b-'iel  which  bad 
bijun  attained  sncu  the  last  observatiou. 

Ill  Metastatic  therniomeU'-ra  any  part  of  the  mei-cury  may  bo  n'tnovcd 
from  the  column  and  ^hnkon  anida  into  iiii  a]>i<:nl  cavity,  or  ru^torcd  in  whole 
or  in  part  to  the  main  thread  ;  tbi;  thernioinctcr,  a  ti-ry  dcliaiU:  one,  being 
thus  compcttnt  lo  read  to  very  Bmall  fractions  of  a  dcpreic  at  any  part  of  the 
scale  chosen  at  wilt.  See  0«cheidlen,  p.  84.  The  principle  of  overflow— 
3iqiiid  being  caused  to  expand  and  overllrtw,  or  vapour  (ioditu*,  mercury)  lieing 
boiU-d  out  iif  a  Iiimtiil  llimk,  what  ri-nirtiiin  lieirnj  w«iglit.-d  when  oooled^-is 
utiliocd  in  th<'  iniiMiutUon  of  tKimtt  pyromi-teri!. 

A*  for  Uif  niejuturement  of  temj>erfttnrB  by  electricity,  that  will  be  ex- 
plained on  page  5!i9. 


Calorimetry  or  the  quantitative  measurement  of  heat. 
— The  Calorie  (Co)  ia  tlie  amoiiiiC  of  heat  retiiureci  to  raise  the 

temperature  of  1  kilo,  of  water  (oi  —  kilos,  of  any  substance 

whose  specific  heat  is  x)  from  0°  C.  to  1*  C.  The  calorie  or  small 
calorie  (ea)  is  tho  amount  of  heat  similarly  required  U»  beat 
one  gramme  to  the  sauie  extent.  Convenienoe  rules  the  choice 
between  those  units. 

1.  The  Method  of  Mixtures. — Tliia  may  be  illiistrated 
by  a  numerical  example.  How  many  calories  of  heat  does  a 
gramme  of  mercury  absorb  when  it  is  lieatcd  from  0°  C.  to  1°  C  ? 
— ft  question  identical  with  an  enquiry  as  to  the  specific  heat  of 
:nercury. 

One  gi-ammc  ot  mercury  at  100°  C.  and  one  oE  water  at  0* 
C.  are  mixed;  the  result  is  a  uniform  temjierature  of  3'194'  C. 
The  water  haa  gained  3'!  94  calories ;  the  mercury  lias  lost  the 
same.  Mercury  on  losing  3194  ca  pergi-ammc  is  cooled  through 
968°  C. ;  cooling  through  1°  C.  involvRs  a  lo-ss  of  -0:1.1  ea.  The 
specific  heat  of  mercury  ia  thus  *033,  and  the  amount  of  lieat 
coutaiued  in  the  mass  of  mercury  mixed  with  the  water  waa 
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(373  X  '033)  at,  373  being  its  abHolitte  tempcniliire  and  its  mass 
being  unity. 

A  modification  of  thw  metliod  is  that  of  Fig.  141.  A  globo 
fillwl  with  mercury ;  the  free  surface  of  the  mercury  at  a ;  th« 
screw  s.  which  alters  Hie  position  of  the  surface  a  so  as  to  bring  it 
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to  the  zero  of  a  scale  marked  on  the  horizontal  tube  ah ;  the  hot 
substance,  introduced  into  a  depression  at  o,  heats  the  mercury, 
expands  it,  and  causes  the  capillary  surface  a  to  assume  a  new 
position. 

Otherwise,  iiisteftd  of  observing  the  direct  expansion  of  the 
fluid  heated^  its  temperature  may  bo  taken  by  a  thermo- 
meter. 

Dnlong'a  water  calorimeter  is  of  this  kind:  a  copper 
chamber  containing  a  living  animal  supplied  with  air  by  afforent 
and  efferent  pipes :  round  this  a  water-jacketj  the  water  in  wliich 
assumes  a  certain  observed  temperature.  Tlie  number  of  Calories 
taken  up  by  the  water  and  by  the  copper  or  other  vessels  (con- 
sidered as  equivalent  to  x  times  their  wei^'ht  in  water,  x  being 
their  specific  iieat)  is  found,  and  that  amount  thus  measured  is 
the  amount  of  heat  given  out  by  the  enclosed  animal. 

2.  Latent  heat  methods. — ^Tlie  amount  of  heat  of  a  hot 
body  may  be  measured  by  the  amount  of  ice  melted  by  it — this 
being  ascertained  roughly  (Lavoisier  and  Lai>lacc)  by  tlio  amount 
of  water  which  trickles  from  ico  amid  which  the  hot  body  is 
thrust ;  or,  better  (Bunsen).  by  observing  the  actual  decrease  in 
volume  of  a  mixed  mass  of  ice  atid  water  when  some  of  the  ice 
18  meltedj  or  by  the  amount  of  liquid — water,  ether,  acetic  alde- 
hyde—which the  heat  of  a  hot  body  (or  liv'ing  animal — Itoseutlial, 
Arch.  f.  Anat.  und  Phi/siol.,  1878)  can  evaporate. 


362 


BEAT. 


[OUAP. 


Traksferexce  of  Heat. 

When  two  massee  or  parts  uf  Urn  same  iiiaas  are  in  contaci, 
the  molecular  agitation  of  each  is  in  port  communicated  to  the 
other:  if  they  be  equally  hot,  each  receives  as  much  heat  as  it 
gives  up :  if  thoy  be  not  equally  hot,  that  which  }iii3  the  more 
molecular  energy  loses  more  than  it  receives,  wliilc  the  other,  the 
colder,  gains  more  heat  than  it  loses.  The  flow  in  one  direction 
thus  overpowers  that  in  the  other,  and,  on  the  whole,  heat  is 
transferred  from  tlie  hotter  mass  to  the  colder. 

We  reward  in  K«nfral  only  the  diffcretiw,  ami  not  tlie  conimon  part ;  the 
Hurplns  whidi  flows  from  thu  hotter  and  not  the  compeiuAted  aiid  nan-apiittrent 
flow  from  lliQ  colder  boily. 

Tliis  tendency  is  universal.  Heat  alwa}-s  tends  to  pass  on 
the  whole  fram  hotter  to  colder  bodies,  and  if  these  be  in  con- 
tact, the  tiansfereuce  is  eflected  by  condactlon ;  whence  all 
bodies  possess  some  degree  of  conductiTlty  or  power  of  trans- 
ferriiii^  licat  through  their  substance. 

Wlictt  two  points  in  a  substance  are  at  temperatures  ecu- 
stantly  differing  by  St,  and  are  at  a  distance  rf,  a  flow  of  heat  is 
set  up  between  them.  The  amount  of  heat  which  passes  from 
the  one  point  to  the  other  in  time  (  is  proportional  (I)  to  the 
length  of  time  during  which  the  flow  proceeds;  (2)  to  5t,  the 
difference  of  temperatures ;  and  (3)  it  is  inversely  proportional 
to  d,  the  distance  between  the  pointa. 


Otherwise,  the  flow  /  w  -^.  or/—  K.  -1— . 
a  a 

coefficient  of  conductivity. 


Here  K  ia  a  coefficient,  the 


TI»c  coefficient  of  conductivity  varies  from  subatance  to 
substance,  biung  greatest  in  the  metals;  some  substances  permit 
a  rapid,  some  only  a  slow  transfer  of  heat;  compare  a  born  spoon 
and  a  silver  one  inserted  iu  a  hot  liquid. 

If  the  one  point  be  maintained  at  the  temperature  T  and 
the  other  at  the  temperature  T^.  intermediate  points  have  tempera- 
tuxes  which  from  point  to  point  sink  uniformly  with  the  distance 
from  tlie  hotter  point.  There  is  thus  set  up  a  condition  of 
Steady  Flow  of  lleiit. 

Across  a  plate  of  thickness  e  whom  sidi?s  are  maintained  at 
an  actual  and  constant  difl'erence  (T  — T^),  the  flow  of  heat  per 
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anit  of  area  will  in  time  t  he  K. '- ;  across  area  A  the 

e 

flow  will  be  KA  'J^^llf? . 
e 

If  a  bar  bu  hcuted  at  cue  extremity,  Iho  amount  of  Leat 
which  will  arrive  al  a  sectional  area  a  given  distance  along  the 
bar  will  depijnil  u}K>n  the  thickness  uf  the  bar  and  ita  prupurlioual 
Borfacc.  A  thin  iron  wire  may  Ije  melted  at.  one  end  and  not 
have  ita  temperature  raised  by  1"  C.  at  a  distance  of  6  feet;  so 
much  heat  is  lost  on  the  way,  being  spent  in  wanning  tlic  sur- 
rounding air  and  in  keeping  up  radiation  from  the  surface. 

In  bars  of  different  thickne»t  tlio  difitAncua  from  the  hoated  extreroilf  &t 
vhiclt  the  aame  temiximture:  cna  be  kept  up  by  h'CAtiug  tliti  extremity  of  the 
Un  to  tlie  Mine  U!tu[>i^nittir«  are  to  one  another  tm  the  iK|uan:  nxibt  of  the 
lliicknnw*  ;  an<l  in  h»n  of  the  tuunc  tliiclcnemM  but  of  ditTvnnt  lengths  the 
flow  of  hi!At  into  the  bar  varica  as  the  Bqiiurn  root  of  the  cube  of  the  IflDfith. 

A  hot  point  in  space  conceived  to  be  maintained  permanently  hot  will  be 
tine  centre  of  a  flow  of  heat  »yininetrica]  in  all  directiona;  The  poizila  in  the 
iiuTouuding  space  which  are  at  the  tame  temperotiu^  luay  be  coiin<H;t«iI  and 
found  to  lie  ou  couccutric  spburue,  or  spherical  Isothermal  Surfaces. 
The  heul  truvvle  by  thu  ^hurti-'i-t  {.vlLJi  from  one  Kurfuou  to  iinulhur,  by  Lines 
uf  Propaciatlon,  or  Linei>  of  Fkw,  at  right  auglee  to  butli ;  and  tlierc  )b  on 
the  whole  no  lateral  pmpngntiori  over  an  iaothernml  Burface.  The  dilference 
of  tcntperntTuv  per  unit  of  distance  4dong  the  lines  of  propftgatioQ  dccrC'dxcs 

with  tie  distance,  beinc  proportional  to  — - — - .     The  areiLtet  the  curva- 

radiua^ 
tore  of  a  hot  bo<ly,  the  greater  will  be  ite  loas  of  beat  by  condaction.     Hence 
an  ellipBoidal  body  maintained  at  a  nnifonn  tcmperattire  loses  most  heftt 
where  the  cunature  ia  greatest — a  jiroiiosiLion  closcJy  roacnibling  one  in  tbe 
theory  of  electricity. 

"We  must  distinguish  a  Flow  of  Heat  from  a  Flow  of 
Temperature.  Tiie  latter  depends  on  the  Bpecific  heat;  and  if 
we  compare  the  passage  of  heat  tlirongh  two  substauces  similarly 
healed,  we  find  that  even  though  the  one  subatance  have  a  greater 
conductivity  than  the  other,  yet,  if  its  specific  heat  be  greater  ia 
a  still  greater  proportion,  a  given  tempcraturR  may  take  a  longer 
time,  travelling  in  tlio  better  conductor,  to  reach  a  point  at  a 
given  distance  from  the  source  of  hoat,  than  it  doca  iti  the  worse 
conductor. 

Where  a  substance  is  not  physically  similar  in  all  directions, 
as  in  the  case  of  crystalSf  the  conductivity  may  be  unequal  in 
three  directions.  Thus,  a  plate  cut  out  of  any  crystal  belonging 
to  the  biaxial  system,  and  covered  with  a  film  of  wax,  will,  if 
heated  by  a  hot  wire  passed  through  its  centre,  so  conduct  the 
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heat  that  the  wax  melts  not  in  a  uniform  circle — aa  in  glass  or  a 
ciystal  of  the  regular  system  it  will  do — but  in  an  ellipse. 

Some  solids  are  extremely  bnd  conductors  of  heat.  Down  ia 
perhaps  tho  worst  of  all  conductors ;  hare's  fur.  sand,  asbestos, 
are  examples  of  substances  within  which  wami  objects  may  be 
placed  and  remain  without  losing  their  heat  to  any  material  degree 
for  some  time.  Flannel,  cork,  etc.,  appear  warm  when  they  are 
touched  by  the  bare  skin,  because  they  carry  away  by  conduction 
less  beat  than  the  air  had  been  removing  before  these  materials 
had  been  touched.  Wood  is  in  tUo  radial  direction  a  bad  coii* 
doctor :  this  has  a  certain  efl'ect  iu  preserving  tliu  tree  in  life. 

The  actual  amount  of  the  loss  vi'  heat  suffered  by  a  cooling 
body  depemls  directly  on  the  eOective  cooling  surface :  whence  the 
natural  tendency  in  warm  weather  to  lie  at  full  length,  in  winter 
to  roll  the  body  up  into  small  compaM, 

Thu  conductivity  of  the  Hkin  n.^  a  wLolc  is  ^^rcatly  diinmiBhed  1>y  ft  layer 
of  fatty  liflfiUG.     The  niusi^lc*  arc  exceedingly  \mi  coiiductors,. 

When  a  hot  bmly  is  MirmiindeJ  by  one  or  more  concontric  jackets  with 
Uyen  of  air  lietween  tlmm,  tiie  low  of  heat  ia  remarkably  diminished.  A 
single  lajfx  of  liiieti  diuiiniiiliot  ttii:  luriH  nf  hejiL  from  the  human  body  by 
abuul  twothinl*  ;  a  donhlc  Inycr  vITccl*  n  iimch  gi\'«t<'r  fcoiioiriy  nf  hent, 
and  BO  farUi.  Tho  ]>racticu  in  cold  counlrica  of  using  doubk  windows  pru* 
ceeda  on  this  principlin,  aitd  benc«  iJso  the  hygienic  advice  to  multiply  the 
UQiuber  of  light  garnifcute  in  cold  weather  rather  than  their  weight 

The  conductivity  of  liquids  is  as  a  rule  greater  than  that  of 
gases,  which  in  the  form  of  tnie  conduction — as  distingmahed 
from  convection — is  very  small. 

It  is  iia|)(>wil)l(f  to  k«v|>  tlie  Iiiviid«  in  water  at  SS*  C,  while  it  i*  quite 
poanble,  as  observed  by  Baaks,  to  rvmain  for  five  miautoe  in  air  ooar  the 
boQiiig  point  of  water. 

When  a  hot  body  ia  placed  in  air  it  sets  up  a  number  of 
Oonrection  cnrrentB.  Air  becomes  heated  and  rises,  carrying 
away  the  heat  of  the  hot  body :  colder  air  takes  its  place. 

Nvwtuii's  litw  of  uoulini^  lu.  (l  currt'iit  of  lur  i»,  ihut  at  cai-h  inrtant  the 
amount  of  ln-at  lost  varli^  us  ihu  diffeivuw;  of  tempui'uUiiv  Wtwcvu  the  eolid 
anil  the  air.     This  law  Bcema  to  bc>  adhered  to  Avithin  narrow  limiia. 

In  an  undititiirlied  Atmosphere  the  law  of  cooling  is,  that  the  velocity  of 
cooling  is  proportioniLl  to  p't^-^  vhece  a  is  a  constant  (-40  for  air),  p  tba 
pretture,  and  t  the  o\ce»  of  tempentture. 

The  carbonic  acid,  istc.,  of  the  atmosphere  are  mixed  thorouglily 

and  equably,  not  by  dilTusion,  which  would  take  several  hundred 
thousand  years  to  accomplish  the  tosk,  hut  by  convection  currents. 
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Convection  cuircnta  oa  thoy  [lass  colder  or  warmer  strata  of 
air  exchange  molecules  witli  llieni  by  diffusion ;  the  temperature 
of  the  whole  mass  thug  rapidly  becomes  uniform. 

OoiLTection  currentit  niay  be  denioiiDtnitvd  bj  tlimwing  tome  coloured 
powder  into  cold  w&ter  and  procaedizig  to  heat  the  liquid  over  a  lamp  ;  bf 
liioVing  at  dutont  objects  tbnmgb  Uu  heated  ga£«6  which  arise  troiu  a  heated 
kiilvr  or  wall :  the  me  of  amoke  it*eU  b  an  eXMopte  uf  tolid  particltit  t>omt 
ujiwtinl  by  coarectjon  current*— pftrticlex  which,  when  the  uouuUtig  aii  bus 
beouitM!  cool,  again  fall  and  may  aid  in  producing  fogn. 

Though  two  hodiea  he  not  in  contact  with  one  rmother,  they 
raay  yet  exchange  heat  across  the  inter\'ening  s]iace,  and  the 
liotter  body,  giving  out  mnre  heat  than  it  receives,  is  said  to 
radiate  heat  to  the  coliler  body.  This  transfer  of  heat  is  effected 
hy  mt'ans  of  the  ether  of  .space,  and  wc  shall,  in  the  moanllnte, 
defer  the  coiii^idonitioii  of  the  transfer  of  heat  by  radiation  until 
n-e  can  take  a  general  view  of  waves  in  the  Ether. 

Transport  of  Heat  from  place  to  jilace  may  be  effectetl  by 
storing  up  work-energy  in  springs  which,  on  being  released,  set 
a  mechanism  at  work  which  evolves  heat  by  friction;  or  by 
storing  np  heat  as  "  latent  heat,"  or  raising  the  tempemtiire  of  a 
Rubstnnco  whose  specific  heat  is  high.  The  former  method  is 
not  effective,  because  so  large  a  number  of  units  of  work  correspond 
to  60  small  an  anionnt  of  heat;  the  latter  are  exemplified  in 
heating  by  hot  water  or  by  ateam.  A  hot-water  bottle  contains 
several  Calories  of  heat,  according  to  its  size  and  its  temperatiure ; 
these  e;m  be  liberated  by  conduction  at  any  desired  situation. 
Steam,  wheii  condensed,  liberates  at  the  jjoint  of  condensation 
546  caturitjs  of  heat  for  every  gramme  of  water  condensed,  and 
(fan  still,  in  the  form  of  hob  water,  surrender  more  heat  to  sur* 
rounding  objects  whose  temperatures  are  below  100*  C. 
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The  word  Sound  is  used  in  three  different  senses : — 

1.  The  physiological  Bcnsation  perceived  by  mtians  of  the  ear. 

2.  The  complex  hannonic  motion  of  sounding  bodies — the 
Fourier  motion,  the  pericMlic  or  vibratory  motion  of  elastic  masses 
whose  vibration  is  the  physical  cause  of  sound. 

3.  The  disturbances  of  the  air  which  affect  the  ear.  "Sounda." 
says  Newton  {PHndp.  ii  Frap.  L,  Prob.  xii.  SchoL),  "  since  they 
arise  in  tremulous  bodies,  are  uo  other  than  waves  (jj-ilIsus)  pro- 
pogated  in  the  air," 

A  sounding  body  is  a  vibrating  body. 

Canm  a.  t\uiiti[i-fi>rk  U>  anuiid  in  tlic  usual  way— by  Btritiiig  tC  on  die 
knee  at  drawing  a  rinlin  bow  acrosa  it,  or  by  forcing  n  steel  rod  lietwecn  iU 
prongs  and  drawing  it  UiniM^h  tbe  point  of  tliv  fork.  Apply  tlii!  ]<oiDt  of  th« 
ribntiug  tiinitig-fc>:'k  b>  Uic  lipn,  tii  the  Hurfucc  of  wat'-r,  to  a  piece  of  glaM. 
Bring  a  vibrating  tiiuing-fork  under  a  ligbt  vplint^r  of  wood  lying  upon 
two  pointfl  of  Buppoti  ;  on  contact  the  light  body  will  be  burled  upwards. 
Cantioasly  bring  a  ^-ibrating  tuuing-forlE  or  bell  into  coatact  vritb  a  pitli-ball 
■Uflp«nded  by  a  thread. 

Fluck  uiiv  of  ih'j  8triuj(«  of  u  violin,  and  let  it  ^i  look  at  it  as  it 
vibrat«!t> :  touch  iL  Luuk  at  a,  hantiuuiuui  or  couccrtiua  n»d  wliilu  it  te  in 
actiun. 

Obaervo  lliii  dietincl  tremor  caused  by  a  large  organ  pipe  while  sounding, 
or  even  by  a  large  drum. 

Relatively  deep,  grave  sounds  are  produced  by  slower 
vibrationsj  higher,  shriller  sounds  by  more  rapid  vibrations. 

Tate  a  lon^  utrip  of  iron^ — Ray  a  dlrip  4  fuet  long  ;  (is  it  in  a  vice  ;  ptill 
it  aridc  and  let  it  go  ;  it  will  of>cillAt«  tranavfttsely  ai  a  mtc  nich  that  tbe 
oaciUations  can  be  counted  ;  remove  it,  and  rvKx  it  no  that  only  3  feet  di  it 
are  now  free  to  move  ; — it  will  now  oscillate  four  tinica  aa  frequently  :  1  foot 
free — Hixt«en.  timea  as  frequently  as  at  first  ;  0  inches  free — sixty-four  times 
ft*  fi'Vquvutly,  and  no  on.  Tlte  oaeillations  now  become  so  rapid,  the  iiuniber 
of  thmu  in  u  scuuad  (i.r.,  thuir  /rr^Mrrify)  bvcoiuva  so  gn>at,  that  thL-y  con  m> 
longnr  Ih>  couut«^d  diivctly  :  now  we  bear  a  so  uiid  ;  the  tdiorlvr  tliu  vibrating 
pari,  the  more  rapid  becomo  tliu  vibratious,  the  Bhrillvr  ibu  eouud. 
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The  transmiBsioD  of  sound  from  a  vibniiiiig  body  to  the  ear 
involvos  aa  a  rule  the  formation  of  sound-waves  in  the  air. 

This  may  lie  rendered  impoasiblo,  cff.,  where  the  sounding 
body — a  bell  suspended  or  placed  upon  wadding:;  within  the  bell 
of  an  air-pump  from  which  the  air  is  exhausted — has  no  contact 
with  the  air  and  no  means  of  transferring  its  own  vibration  to  the 
surrounding  air ;  in  such  a  case  the  ear  perceives  no  sound  con- 
Teyed  througli  the  air,  even  Ihuugh  the  bell  be  struck. 

But  it  may  bo  iiuposjiible  for  another  reason.  Air  will  not 
oscillate  in  waves  such  as  can  be  propagated  to  a  distance,  unless 
there  be  some  well-marked  comprussion  or  rarefaction  produced 
at  the  centre  of  disturbauct:.  'J'ake  as  exti'time  instances  of  sound 
produced  by  well-marked  compressions  or  rarefactions  the  effect 
of  the  discharge  of  a  cannon,  which  abruptly  adds  a  maas  of  gas 
to  the  already-present  atmosphere,  and  thereby  produces  great  and 
sudden  compression ;  or  the  rarefaction  produced  by  the  sudden 
collapse  of  a  weak  hoilcr  when  th^  steam  contained  in  it  has 
cooled  down.  Thus  a  vibrating  body,  before  it  can  act  as  a 
sounding  body,  must  produce  alternate  compressions  and  rarefac- 
tions in  the  air,  and  these  must  be  well  marked.  If,  however, 
the  vibrating  body  be  so  small  that  at  each  oscillation  the  sur- 
rounding ail  has  time  to  flow  round  it,  there  is  at  every 
oscillation  a  local  rearrangements— a  local  flow  and  reflow — of  the 
air,  but  the  air  at  a  little  distance  is  almost  wholly  unaffected  by 
this.  The  sanio  result  follows  if  tho  medium  surrounding  tlie 
vibrating  body  be  rare — e.g.,  hydrogen — or  rarefied — r.i}.,  rarefied 
air ;  then,  on  account  of  the  small  inertia  of  tho  medium,  it  ia 
easily  induced  tn  flow  round  the  vibrating  body;  iu  such  cases 
there  is  but  little  wave-motion  caused  at  any  distance,  and  thus 
there  is  but  little  sound  produced. 

A  ntring  itretched  Iketwecn  two  points  of  a  rigid  and  DiasHivc  fnunework 
product'^  NurprtHingly  Uttle  kouui)  wht-n  cnuih-ii  to  viliratv  :  it  ()i>c4  not  net 
upon  Ihc  air  olJu-rwisn  tliiiii  liy  wtting  up  Itjcal  flow  itn<l  it-flivw.  If  llie  ftam« 
•triiifj  be  etrttclnril  orer  >in<l|^s  Hpon  a  soimiling-bo&rd,  iLt  «trinR  pVM  at 
each  oecillation  an  Liiipulne  to  the  sounding-bciai'd  which  causes  it  to  j-ield 
sljghtly ;  and  thus  the  sli-ing  caiisi^a  the  Bounding  -  hoard  to  vibrate.  But 
though  the  amplitude  of  iiti  vibmtiuQ  i»  ehuaU,  the  euundiug-boord  it  brood, 
and  the  air  cann'jt,  by  tiuwing  ruund  its  edgu,  uvadc  cumpruuiuu  uud  rarefac- 
tion ;  thv  all  its  uccurdiugly,  alk'niaU'ly  cumpn-BBud  und  rurvGed,  and  tlius  ti 
system  of  wavea  is  cfft-cUvuly  set  up  in  it.  Thufl  the  loudneBs  of  tho  Eound 
prothicad  by  a  string  may,  by  tlie  ubr  of  a  M-iimdint;- board,  Iw.  multiplied 
many  thonnandfold,  A  similar  pxperimf  nt  may  ht'  perforuwd  with  a  lihniLiiig 
tiining-fork  Fuspfinded  in  tliu  air  by  a  tiring,  and  the  some  fork  vibrating 
while  its  fthank  ia  preBHed  i^atnst  the  pnnel  of  a  door. 


In  these  casw"  the  energy  tif  vibration  «f  thi?  rtring  or  tiiiiiii^*fr>rk  is  very 
much  more  rapiJlj  diwi'ijatf'tl,  whili-  Uie  ]iirjr«-*iirfa«Hl  iH)iin<lin(;>lH>ajxl  u 
VDDbletl  to  (trtxlaoe  an  iiit<>n>ii;r  or  LukUt  siuitiil  than  i«  pnMliiCpiI  vihen  the 
Ktriti^  OF  the  fork  vibrates  alone  ;  and  the  vibration  sooner  conies  to  an  end. 

Thtt  flpenking' trumpet  in  in  part  an  application  of  the  same  pnnciple 
luEttOLl  of  a  compuvtively  small  surftice,  the  oral  aperture,  heing  the  louroc 
of  Bound,  the  much  brooder  Aperture  of  the  trumpet  U  pnutioftU^  oonTerted 
into  the  Bourcu,  antl  the  broud  eoiitid-wavi;8  iixema  iwaing  aro  not  insalt«iied 
at  their  origin  by  lalvrul  flow. 

As  a  geneial  rule  it  is  therefore  ad^'isabIe.  when  soimd  is  to 
bo  hcnnl  at  a  distance,  to  make  the  sources  uf  sound  of  the  lai:gest 
size  coavcnient.  Smallue&s  of  size  may,  however,  be  compensated 
by  cLuickness  of  vibration. 

Thu»  the  chirp  of  oettjun  inuMta  ia  pmdiicrd  by  aiicb  extremely  rapid 
uoTcmentA — lui  mnny  afi  12,000  to-nnd-fro  vibrations  per  Kcond — that  the 
air  IB  alternately  comprcsA^I  and  rarefied  on  each  side  at  the  wings  or  in  tlic 
netglihourhood  of  the  stndulating  organs  without  having  time  to  flow  round 
thum. 

Characteristics  of  Sounds. — The  Fourier-motions  Tfhich  may 
produce  sounds  ditier  amongst  themselves  in  their 

(o.)  Fre(jnency  —  the  number  per  second  of  the  slowest 
componen  t^oacil  lati  ons. 

An  oscillation  is  a  complete  oscillation,  once  to-and-fro.  The  frequency 
of  a  Bucucds  pvnduImiL  is  ^,  bccaiisu  iu  one  tocund  it  performs  half  a  cam> 
plete  oscillation.  In  Fnmcli  workn  we  find  that  a  "  vibration  aimpU  "  is  half 
a  coinplctf:  nAfillntion,  a  swing  over  from  one  EidH>  to  the  othi^r  ;  and  a  secontla 
pendulum  is  htld  to  <-ffi?ct  such  *'  ciAratioju  timpUi  "  at  the  rate  of  one  per 
Be«ond.  The  rt-A.v>i)  for  the  apparently  moru  artificial  mode  of  ddining  an 
osdUation  here  uMd  will  be  Men  on  considering  the  meaning  of  period  io 
S.H.M.  ;  a  complete  oscillation  n^stoies  the  oacillating  body  to  ita  ataitvug 
point 

{b.)  They  differ  as  to  their  Energy.  Proportioned  to  the 
energy  are  the  Intensity  and  the  Square  of  the  Amplitude. 

(r.)  They  also  differ  as  to  the  Eelative  Amplitudes  of  theJr 
Oomponeuts. 

Of  these  three  particulars,  tlio  first*  the  frequency,  depends  on 
the  vibrating  body  itself,  its  fonii,  ita  materia],  ett^.,  hut  is  very 
slightly  affected  hy  its  viscosity ;  the  second  depends  entirely  on 
external  causes;  the  third  depends  partly  on  the  form,  the  tension, 
the  rigithty,  etc.,  of  the  vibrating  body,  partly  on  the  manner  in 
which  it  is  set  in  motion. 

By  variations  iu  these  particulars  an  infinito  variety  of 
Fourier-motions  may  be  produced  in  vibrating  or  sounding  bodies; 
and  05  a  natural  consequence  we  might  expect  to  find,  as  we  do 
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find,  on  infinite  variety  of  musical  sounds  actually  occurring  in 
natnrfi. 

Musical  sounds  may  differ  from  one  ftnother  in  three  cor- 
respondinjj  respects,  viz.. —  Pitch,  Loudness,  and  Quality  or 
Character. 

Pitch. — The  pitch  of  a  cleai-  musical  eoimd  depends  on  the 
Frequency  of  the  Fundaments  Vibration  of  the  sounding  body. 
Suppose  a  string  to  vibrate  Iiarmouicolly,  and  its  compouent  vibra- 
tioua  to  occur  2ijl,  522,  'fS.'J.  1044,  etc.  times  pt:r  second:  then 
tbub  string  wouJd  have  u  fundamental  vibration  whose  fre- 
quency is  261    i>tiv  second;    and  a  suuud  of  this  fundamental 

frequency  is  n;c;i>;;ni.^etl  by  our  musical  seuse  as  the  note  &j=^r=. 

The  loudness  oi  a  sound  increases  with  the  amplitude  of  oscilla- 
tion of  the  vibrating  body ;  if  two  strings,  otherwise  similar  and 
jBinulaidy  circumstanced,  oscillat-c  ttirough  ranges  of  ^  and  ^  inch 
'  Ifl^iectively,  the  latter  has  twice  the  amplitude  auil  unuh  to  pro- 
duce four  times  as  much  sound  as  the  former :  the  loudness  or 
intensity  of  sound  being  among  sounds  of  the  same  pitch  pmiwr- 
tionat  to  tlie  enei-gy  of  Wbration,  and  therefore  to  the  square  of 
tbe  amplitude.  Itlark,  however,  that  the  relative  loudness  or 
different  sounds  is  not  to  Iw  nieasureJ  by  their  physical  intensity 
or  the  square  of  the  amplitude  of  the  vibrations  at  their  source, 
for  the  ear  is  not  necessarily,  and  is  not  in  fact,  equally  sensitive 
to  sound  of  ever)*  pitch. 

Viscosity  of  a  sounJing  body,  while  it  scarcely  alTects  the 
pitch,  aids  in  causing  the  amplitude  of  the  vibration,  and  therefore 
the  loudness  of  the  sound  produced,  gradually  to  dwindle  away. 

As  to  their  Quality  or  Character,  wo  End  among  suunds  an 
infinite  variety.  We  uau  distinguish  a  souud  produced  by  a  violin 
from  one  of  Ibe  game  pitch  and  louilness  pi-oduced  by  a  clarionet, 
a  flute,  or  a  pianoforte;  we  can  distinguisli  tlie  souud  of  a  \'ioIa 
from  that  of  a  violin;  one  violin  from  anotlier;  one  player  from 
another  on  the  same  violin ;  one  person's  voice  from  that  of 
another;  the  voice  of  tlte  same  person  in  diQerent  inooda  or 
states  of  health.  The  baaw  of  all  this  variety  lies  in  the  endless 
differenc&i  that  may  exist  between  Fourier- motions  which,  though 
they  agi'ee  as  to  the  frequency  of  their  funilamental  or  slowest 
component  and  as  to  the  total  energ)'  involved  in  their  movement, 
do  not  necessarily  coincide  In  the  relative  amplitudes  of  their 
component  hurmouic  motiotts. 

But  if,  as  this  theory  indicates,  an  extended  series  ot  com- 
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ponent  vibrations  go  to  make  up  the  aggregate  vibration  of  a 
aonnflirijif  body,  oujfht  we  not  in  the  sound  produced  by  a 
sounding  body  to  hear  a  series  of  tones  corresponding  to  the 
series  of  vibrational  components  ?     If  a  string  produce  the  note 

jn,  correspuiiding  to  a  fuudameulal  vibration  whose  frequen<gr 


is  261  per  secoml,  ou<^ht  v.e  not  at  tlie  same  time  to  hear  other 
sounds  corresponding  to  522,  to  783,  to  1044,  etc  vibrations  per 
second  7  The  reply  is  that  we  do  actually  hear  such  tones;  but 
we  do  not  attend  to  them,  and  for  pnictical  pHrjxises  we  are 
therefore  deaf  to  them.  We  are  accustomed  to  interpret  a  sound 
produced  by  a  single  sounding-body — tlie  voice  of  a  person,  for 
example — as  a  single  sound ;  from  earliest  infancy  we  iinconsciously 
train  ourselves  to  listen  only  to  the  fiuidainental  tone  of  any 
single  note :  and  the  presence  of  the  other  tones  of  the  really- 
couipoimd  sound  produced  by  a  single  vibrating  -  body  has  the 
apparent  result  of  detenuiuing  the  Character  of  that  tone  t«  which 
alone  we  consciously  listen.  In  many  cases,  when  we  listen  for 
the  higher  component  sounds,  knowing  what  to  listen  for.  we  can 
hear  thorn,  even  with  the  unaided  ear :  after  practice  the  car 
acquires  the  power  ol  recognisiug  the  presence  of  these  Har- 
monics witli  gieat  reaihness — a  power  which  may  easily  become 
oppressive  to  its  possessor.  The  special  training  which  confers 
this  power  differs  only  in  degree  from  that  which  enables  one  to 
discriminate  the  different  notes  which  make  up  a  chord  sounded 
in  hanuony ;  for  to  the  untrained  ear  even  a  chord,  if  it  be  well 
in  titne,  seems  to  be  a  single  mass  of  sound. 

Noise. — If  all  the  keys  of  a  piano  within  the  compass  of 
cue  or  two  octaves  be  simultaneously  struck,  the  result  is  a 
confused  Jangle,  a  Noise.  Here  we  have  the  Superposi- 
tion of  Fourier-motions  resulting  in  an  apparently  irregular 
disturbance  of  the  air.  This  may  go  still  furtlier ;  the  Kouriei- 
motious,  which  are  superposed  on  one  another,  may  have  no 
relation  of  frequency  and  little  or  no  individual  peTsistenoe. 
The  more  markedly  tliia  is  the  case,  the  less  musical  will  be 
the  sound  produced,  and  the  more  markedly  will  it  bear  the 
character  of  noise.  The  general  hum  of  a  town  is  made  up  of 
sounds  and  cries,  each  of  which,  taken  singly,  may  perhaps  not  bo 
unmusical ;  but  because  they  are  not  related  to  one  another  by 
any  simple  numerical  ratio  of  frequency,  they  together  produce  the 
disagreeable  effect  of  a  noise.  Noises,  theu,  such  as  the  sound  of 
steam  escaping  from  a  boiler,  wind  rushing  through  trees,  the 
clatter  of  falling  objects,  and  so  forth,  may  be  considered  to  ba 


1 

i 


xrr.] 


NOISE. 


371 


prudiiced  by  the  superposition  of  a  number  of  distinct  musical 
souihIs.  Some  of  tlioso  may  predominate  in  intensity  nnj  in 
persistence ;  and  thus  a  uoiso  may  have  a  disliii^'uiBhablv  pitch. 
We  may  recognise  clitr^reiiceB  iu  pitcli  between  Ibe  noises  pro- 
duced by  drawiDg  the  thurab-nail  at  various  speeds  over  the  cover 
of  &  book  bound  in  cloth,  by  blowing  ac-ross  the  moutli  of  keys  or 
tubes  or  flasks  of  various  sizes,  by  letting  boards  of  various  sizes 
fall  on  a  wooden  floor,  by  blowing  through  glaas  tubes  on  which 
bulbs  of  various  sizes  have  been  blown,  and  so  forth.  Even 
where  tlie  oripnal  disturbance  is  in  the  liigbeat  tiegree  irregiUar, 
as  where  bricks  are  pitched  out  of  a  cart,  the  elasticity  of  the 
bricks,  small  tliough  it  be,  affects  the  pitch  of  the  sound  pro- 
duced, for  the  aoise  produced  by  soft  porous  bricka  is  graver  than 
that  ]iroduccd  by  hard  glazcd>bricks  of  the  same  size. 

If  we  listen  to  a  continuous  noise  with  the  aid  of  a  resouator 
(Pl  :iS3)  tuned  to  some  partii;;ular  tone,  we  can  often  recognise 
the  presence  of  lliat  tune  as  a  com}K*nent  of  the  noise;  the 
resonator  will,  if  it  be  prtsent  as  a  coiiipoueiit,  sound  it  forth — 
continuously  if  it  be  continuously  present ;  interuiitLeutly  if  it 
occur  at  intervals  only. 

Kvcn  a  single  vibrating -body  may^  when  struck,  produce  a 
noise.  A  bell  is  not,  witli  ease,  so  cast  as  to  be  perfectly  uniform; 
when  struck  it  tends,  if  not  ^lute  uniform,  to  divide  into  unequal 
sectors,  each  of  which  pulsates  at  its  own  rate ;  the  physical  re- 
sult is  a  number  of  ijimultaueous  vibrations  bearing  no  simple 
relation  to  one  another,  and  the  physiological  result  is  a  uixedl 
sensatiuu,  a  jau^^le,  a  kuid  of  noise. 

Tlius  sounds  originate  in  Fourier-motions;  a  musical  note 
in  a  single  Fourier-iuutiou  ;  a  noise  iu  a  uumber  of  siinultaueoua 
Fourier-motions  whose  fundanieutal  frequencies  bear  to  one  an- 
other no  simple  numerical  relatiuu  ;  and,  as  we  slrnll  afterwards 
see,  the  sensation  of  harmony  in  a  number  of  simultaneous 
Fourier-motions  whose  fundaiueutal  frequeucios  have  a  simple 
namerical  relation  to  one  another. 

The  simplest  possible  sound  would  be  one  produced  by  a 
vibration  in  which  the  Fourier-inolifin  was  represented  by  one 
component ;  such  a  sound  would  be  u  pure  tone. 

The  pitch  of  the  sound  or  note  produced  by  a  vibrating  body 
is  tike  pitch  of  the  gravest  component,  the  fuudameutaH  Tone; 
and  it  may  be  specified  in  two  ways ; — 

(1.)  Physically,  by  stating  the  number  of  vibrations  per  second 
which  correspuud  to  that  fundamental  tone  ; 
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(2.)  Musically,  hy  referi-iiig  the  tuue  to  ite  place  in  an 
arbitrary  scale  of  pitch  in  €oiiventional  use  among  inuaicians. 

To  find  the  frequency  of  viltrntion  corresponding  to  any  given 
note : — ^Ab  the  note  in  question  let  us  take,  for  the  sake  of 
example,  that  produced  by  an  ordinary  "  A "  tuning-fork.  A 
caitl  ov  strip  of  metal  i»  placed  so  as  to  touch  at  one  end  the 
cogs  of  a  little  cog-wheel,  while  the  other  end  is  firmly  fixed  ;  the 
wheel  is  rotated  slowly — each  cog  makes  one  click  ;  more  rapidly, 
— the  clicks  blend  into  a  hum;  still  more  rapidly — the  hum 
in  pitch,  and  the  faster  the  rotation  the  shriller  becomes  the 
souud ;  at  a  certain  rate  of  rotation  the  sound  is  neitlier  graver 
uur  shriller  than  that  produced  by  the  tmiing-fork ;  tliis  rate  of 
rotation  is  such  that  the  c^rd  is  struck  435  timwi  ]jer  second; 
435  impulses  per  second  given  to  the  card,  and  by  the  card  to 

the  air,  produce  the  sound  fc-j?-,  "  a'=  4;?5."     Higher  sounds 

are  due  to  more  rapid,  lower  sounds  to  slowyr,  vibrations  than 
tills.     This  arrangement  is  known  as  Savart's  Wheel. 

Another  contrivance,  devised  to  the  same  end,  is  the  Syren. 
A  rotating  disc  is  pierced  by  lioles  arranged  etiuidistantly  in  a 
circle,  whose  ceuti-e  is  in  the  axis  of  rotation  oE  the  disc.  A  tube 
brings  a  current  of  air  to  a  spot  near  the  disc  sn  situated  that  in 
some  positions  of  the  disc  the  nir  can  blow  clear  through  one  or 
other  of  the  holea,  while  in  others  tho  current  of  air  Is  almost  cut 
off  by  the  liisc  itsulf.  Itritate  the  disc ;  the  current  of  air  is 
alternately  cut  off  by  the  diac  and  allowed  to  blow  through  it 
If  there  be  87  holes  in  tlie  circle  of  boles,  and  if  the  disc  rotate 
five  times  per  second,  there  are  then  produced  435  pufl's  of  air 
per  second,  and  the  note  "  a' "  is  heard :  its  quality  is,  however, 
decidedly  inferior,  for  the  principal  sound  hoard  is  the  noise  made 
by  the  current  o£  air  when  it  strikes  the  disc.  If  the  current  be 
divided  by  87  pip&s  so  as  to  blow  through  the  87  holes  simul- 
taneously, and  tt)  be  simultaneously  cut  off  from  them  all,  the 
sound  is  very  much  clearer  and  louder  than  when  there  is  only  a 
single  stream  of  air  blowing  through  one  hole  at  a  time.  Instead, 
of  87  piiHw  issuing  from  a  wind-cliest,  we  may  employ  a  wind- 
chest  cappcil  by  a  fixed  disc  containing  87  holes,  arranged  in  a 
circle  like  that  of  the  rotating  disc  :  the  rotating  disc  rotates  ia 
the  immediate  vicinity  of  the  fixe'd  one:  simultaneously  the  air' 
rushes  through  all  the  apertures  of  the  rotating  disc,  simul- 
taneously it  is  cutoff  from  tliem  all.  The  number  87  is  in  prac- 
tice never  used;  some  such  number  as  24  or  48  is  chosen. 
Connected  with  the  rotating  disc  is  some  form  of  mechanism  fi 


f 


XIT.l 


PITCH. 


373 


recording  tlie  number  of  rotations  effected  by  it  in  a  given  time  ; 
the  rotating  di«c  is  caused  to  rotate  at  audi  a  speed  as  causes  the 

Ldeeired  sound  to  be  produced :  the  number  of  apertures  in  the 

^di3c,  multiplied  by  the  auuibur  of  rotatioiu  per  ttecund,  gives  the 
number  of  impulses  per  second  imparted  to  the  air,  and  thus 
determines  the  frequency  of  the  tone  in  (juestion.  The  syren 
works  imder  water  as  well  as  it  does  in  air. 

The  experiment  already  deaoribed  on  page  366  also  gives 
jug^ly  the  means  of  finding  the  frequency  of  any  given   now.. 
thin  strip  of  metal  is,  by  successive  trial,  carefully  witli- 
drawn  into  the  vice,  until  its  fr^e  part  ^ves,  wlien  set  in  vibra- 
tion, a   sound  of   precisely  the   same   pitch  as   the  tone  whose 
frequency  is  to  be  deteniiined.     Say  that  tliia  length  is  1  inch  ;  and 
]so  that  if  30  inches  of  the  strip  be  free,  it  executes  20  complete 

►oscillations  per  minnte.  The  number  of  oaciUations  varies  in- 
versely as  the  square  of  the  length ;  whence  (1  inch)-:  (30  inches)' : 
29 :  ar,  or  x  =  26,100  vibrations  per  minute,  435  per  second. 

Still  another  method  of  determination  of  the  frequency  of 
vibration  of  sound  of  u  given  pitch  is  graphically  to  record  tlic 
actual  vibrations  of  the  sounding  body.  A  tuning-fork  has  a 
little  feather-biiTb  attached  by  cement  to  one  of  its  pmngs ;  the 
extremity  of  tlio  barb  is  brouglit  into  contact  with  stightly- 
smoke'l  imper  spread  over  tlie  surface  of  a  cylinder.  The  cylin- 
der is  caused  to  rotate ;  the  point  of  the  barb  draws  a  straight 
line  on  the  smoked  paper.  The  fork  is  caused  to  vibrate :  tlie 
barb  now  describes,  on  the  rotating  cylinder,  a  sinuous  line  which 

iTecords  the  oscillations  of  the  tuning-fork.  An  independent 
mechanism  can  be  made  to  mark  the  cylinder  once  every  second, 
and  thus  the  absolute  number  of  oscillations  made  by  the  tuning- 
fork  in  the  course  of  each  second  can  be  counted  on  the  perma- 
nent record.  ITie  same  principle  may  be  applieil  to  many  forms 
of  vibrating  body,  such  as  strips  of  metal,  merabmnes,  etc. 

Musical  Pitch, — The  arbitrary  scale  of  pitch  in  conimnn  use, 
and  tyjjified  by  the  white  keys  of  a  pianoforte,  is  the  following: — 
I'hirtv-tTO  fool  OctATC — Siibcontrn  OetAve. 
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The  starting-point  of  this  nntation  is  the  a' trming-fork,  made 
to  vihTftte  435  times  per  second,  or  the  second  string  of  tlie 
violin,  made  to  \'ibrate  iu  unison  with  such  a  fork.  Uuder  this 
sfBtem  the  /'  tuning-fork  makes  522  complete  oscillations  per 
second.  This  is  entirely  a  mattti-  of  convention.  The  number 
435  was  chofieu  by  the  Acud«uiie  des  Sciences  of  Faris ;  440  by 
the  German  Suciuty  <jf  Nature-rescanihers  at  Stuttgart  in  1834; 
while  a  pitch  re'=426'6  has  been  highly  recommended,  on  the 
ground  that  under  such  a  system  the  tones  C^^,  C^,  C,  c,  </,  etc., 
are  prodiicod  by  16,  32,  fi4,  12S,  25C,  etc.  vibrations  per  second 
— an  arrangement  which  has  the  advantage  of  giving  very  sitii|)l6 
numbers  to  deal  with,  but  which  \\m,  on  tlio  other  hand,  the 
practical  disadvantage  of  giving  a  pitcli  wliich  is  too  low  to  please 
instrumentalists,  and  the  didactic  disadvantage  of  tending  to  conceal 
the  real  arbitrariness  of  the  convention  which  assigns  to  the  a'  or 
the  tf"  fork  the  particular  number  of  ^-ibrations  chosen  in  practice. 
In  practice  there  is,  indeed,  a  great  lack  of  agreement ;  ijistrument- 
makers  are  constantly  raising  the  pitch  for  the  sake  of  iucreasing 
the  brilliancy  of  orchestral  music,  while  vocalists  are  made  to 
suGTer.  Modem  concert  pitch  has  thus  risen  as  high  as  a'=  460 
vibrations  per  second,  about  1^  semitone  above  what  it  was  in 
England  in  the  time  of  Handot  (a'=  424),  while  the  organ-pitch 
in  England  was,  in  the  middle  of  the  eiglitiionth  century,  as  low 
BS  «'=  ;i88.  If  the  standard  niimlwr  of  vibrations  chosen  (or  a' 
be  any  other  than  A'i5,  the  whole  series  of  numbers  given  in  the 
table  mnst  sufler  a  proportionate  increase  or  reduction.  The 
accuracy  of  such  a  scale  depends  not  upon  precision  uf  absolute 
numbers  of  vibrations  so  much  as  upon  correctness  of  the  ratio* 
of  the  several  numbers  to  one  another. 

The  successive  tones  of  the  scale  of  C  are  related  to  one  an- 
other, with  respect  tu  their  frequency,  in  the  following  manuer: — 
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Here  C  C<^'=  256)  is  a  keynote,  and  upon  it  we  have  raised  a 
diatonic  major  scale,  d     r     tu     f    s     1     t     d'. 

Such  a  scale  is  found  by  experience  to  be  satisfying  to  the 
ears  of  the  Western  nations ;  and  whatever  t^ne  be  chosen  as  the 
keynote,  there  can  always  be  sung  or  played  on  instruments  of 
the  violin  or  of   the   trombone   class   a  scale  of  this  kind,  in 
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whicb  the  intervals  are  felt  to  be  pleasing  and  in  tune,  in  which 
the  iutouation  is  felt  to  he  just,  and  in  which  eacli  tone,  when 
it  is  carefully  listened  to  while  the  keynote  is  home  in  mind,  is 
felt  to  hax'e  its  own  peculiar  mental  eflect,  this  depending  on  its 
relative  place  in  the  scale,  and  not  on  its  absolute  vibrational 
frequency.  Singers  who  have  suug  much  together,  string  players 
who  have  practised  together  witiiout  pianoforte  accompaniment, 
naturally  use  the  tones  of  such  a  scale,  mthout  coring  or  oven 
knowing  what  the  numerical  ratio  of  the  frequencies  of  the 
various  tones  of  the  scale  may  be. 

Intervals. — We   may  now    identify  the   various   inter^'ala 
occurring  within  the  diatonic  scale — 


Minor  second,  "  semitone  "  m  :  f  or  t :  d'  . 
Grave  major-second  .  r :  m  or  8 : 1  . 
Mtyor  second  d  :  r,     f :  8, 

Grave    (or    Pythagorean) 
minor-third  . 


Minor  third 

Major  third. 

Fourth  .  d :  t 

Acute  fonrth 

Augmented  fourth 

Grave  fifth  . 

Fifth  .... 

Minor  sixth 

Major  sixth. 

Acute  major-sixth 

Grave  minor-seventh 

Minor  seventh 

Seventh 

Octave 


r:f       . 
mis  or  l:d' 


l:t 


B:t 


flTdV    t:m' 


t,  :b. 


r:t,     arm' 


t:l' 


r :  r' ,  etc. 


Musical  intervals  are  equal  to  one  another  when  the  con- 
stituent notes  in  each  have  the  same  relative  frequency.  Thus 
d :  S  : :  1 :  f .  and  m :  t : :  f :  ^'^ ;  the  ratio  of  1  to  ^  is  equal  to 
that  of  ^  to  y* — that  in,  it  is  2:3;  whence  the  musical  interval 
betwceu  d  and  8  is  equal  to  that  between  m  and  t. 

TransltioiL. — Any  tone  may  be  choaen  as  a  keynote.  Let 
us  i;hoose  (;'  =:  3  84  as  our  keynote,  and  then  compare  the  tones  | 
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1     :     t 
640:720:768. 


of  tlic  scale  of  the  key  of  G  with  those  of  the  scale  of  C. 

[Eetaining  tlio  same  ratios,  the  scale  of  G  is 

d     :     r     :    m    :     f    :     S     :     1     :     t     :  d'. 
1     :    1     :    I     :     ^    :     S 
384:432:480:512  :.'57G 

Comparing  the  two  scales  we  find  : — 

Scaleof  C(-Key.C"). 
</  d'  e'   t"      g*        a'  1/       c'      d"      e"       T         g'.ete. 

.     .     .     .     a84  :42r»-6':  480  :  612:  576:  640:  682-6  :  768. 

Scale  of  G  ("  Key  0  "). 
384:   432   :480  :512;57G  :640:  720  :768. 

The  tones  agree  with  the  exception  of  the  a's  and  the  /s.     The 

'a'  of  the  sualc  of  C  and  the  n'  of  the  scale  of  G  differ  from  one 

another  in  the  ratio  of  426'6  :  432,  or  80  :  81.     The  two  tones 

.are  perfectly  distinct,  and  an  ear  that  has  become  acenatonied  to 

[.tiie  pure  scalt;  of  C  is  pained,  especially  in  hanuony,  )>y  the  sub- 

i.9titution,  for  the  proper  d'  in  that  scale,  of  the  slij^htly  sharper  a' 

which  belongs  to  Key  C.     The  difference  between  the  two  tones 

is  called  a  Comma,  and  they  may  be  respectively  written  «'  anJ 

V.     The  /"  of  Key  C  and  the  corruspondiny  note  in  the  scide  of 

G  differ  more  wiiiely  Irom  one  another ;  their  frequency-ratio  is 

682'G  :  720,  and  the  interval  between  them  is  sometimes  called 

a  semitone,  ^^^. 

In  order  tti  play  in  correct  tune  music  written  in  Key  G  aa 
well  as  in  Key  C,  wo  would  require  not  only  the  tones  of  the  Key 
of  C,  but  also  two  addiLioual  tuneii  in  each  octave.  Kvcry  transition 
from  one  Key  to  another  "  more  remote  from "  the  Key  of  C 
multiplies  the  demand  for  new  tones ;  and  tliat  to  an  extent 
twice  as  great  as  the  current  notation,  which  neglects  differences 
of  a  comma,  would  seem  to  Indtcntie. 

In  the  table,  pages  ^.7S  and  379,  are  given  the  tones  of  the 
scale  of  C,  together  with  a  nnmlier  of  tones  derived  fhjm  selected 
keys.  The  relative,  not  the  absolute,  number  of  vibrations  has 
been  shown  in  each  case. 

If  a  singer  wen:  colled  upon  to  proilucc  a.  note  ol'  324  vibratioiu 
per  Bectm<l,  tb«  feat  wuuld  t>c  inijioa^tljle.  TbU  iimiibc:!'  is,  however, 
l'S65635  X  mn  ;  and  lieTii:*;  if  c  htiw  256  vibratiutiH  per  Mcotid,  tlie  note 
requirvil  h  the  n  of  Key  B.  A  tuuhig-furk  c'=  256  ia  mt  in  vibmtioii  : 
coll  thu  note  of  the  fork  do  ;  nng  da,  n ;  fix  the  attuntiou  on  n  {d')  ;  cull  it 
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do  without  chnnging  itit  pitch  ;  dwnll  on  it  a  moment ;  then  riag  siJiiM  : 

phrnac  as  ffo,  mti,  tol,  do,  mi,  re,  ito;  nnil  L]i«  tleiiired  note,  V,  n  nnU;  differing 
by  a  comma,  from  e,  the  mi  of  Key  C,  hiw  becii  producer!,  the  neose  of 
tonality  and  kcy-telatiooehip  having  carried  thii  singer  into  (he  correct 
tOUUd. 

The  column  heailed  "  loj^arithmlc  increments  "  contains  figures 
which  measura  the  intervals  lietween  the  successive  tones;  for  it 
gives  tiie  logarithms  of  the  fretjueucy-ratios  between  each  tone 
and  its  predecessor  and  its  successor;  and  tlie  moat  convenient 
mothofl  of  comparing  ratios  is  to  compare  their  logarithms. 
Wlien  the  logs,  are  ef|unl  the  ratios  are  equal ;  when  the  ratios 
are  equal  the  intervals  are  equal.  TJiua  the  inten'als  between  C 
and  Cfl,  Db  and  *D.  ^D  and  ^Df;  D  and  Df.  Ej,  and  E,  E  and  E|. 
F  and  T%  'F  and  '1%  Y;[,  find  \5,  Gb  and  G,  G  and  G|.A[»  and 
A,  A  and  A^  'A  and  'A|,  'Hb  and  Mt*  lib  and  B.  E  and  BJt,  are 
aJl  equal,  beuig  measured  in  that  column  by  the  logarithm 
•0177288,  which  is  the  log.  of  the  ratio  f^.  Again  we  find  a 
number  of  lesser  intervals  whose  log.  is  '005395,  and  whose 
ratio  is  fj :  these  are  C|  and  'C^  ^D  and  D,  ^Djf  and  Dg,  'Ef,  and 
Kb,  K  and  'E,  F  and  'F.  F|  and  'F|  ^Gb  and  Gh  ^G  and  G. 
*Ab  and  Ab,  A  and  'A.  A^  and  'Ajf.  'Bb  and  Bb.  *B  and  B,  B  and 
'B,  V-  and  c     Between  these  the  interval  is  a  Comma. 

The  scale  may  be  seen  to  be  roughly  divisible  into  53  stops 
or  divisions ;  but  tlicse  are  not  equal  to  one  another ;  if  they  were 
equal  the  logaritlims  would  at  eocli  step  acquire  an  equal  incre- 
ment, for  the  ratio  Iwtween  ejicli  tone  and  Its  predecessor  would 
he  equal  througliont  the  awde.  Roughly  and  for  diagmminatic 
purjMjaes  it  is,  however,  convenient  to  represent  the  inten'al  be- 
tween C  and  D  by  9  steps,  while  that  between  D  and  E  ia 
represented  by  8  :  and  the  table  is  so  arranged.  A  thoroughly 
accurate  table  of  this  kind  would  be  one  engraved  on  metal,  the 
intervals  between  any  two  tones  in  column  D  being  made  directly 
proportioniil  to  the  log.  increment  between  them. 

The  intervals  marked  Tytiiagoreau  in  the  table  are  thus 
derived  : — Start  from  c  and  go  upwards  by  successive  fifths, 
p,  g,  d',  V,  V,  'b";  going  downwards  we  arrive  at  F,  *B(»^,  ^E>^,  'A>^^. 

The  fuUovring  cxcrciaen  will  perhaps  aiJ  the  imder : — 


(a)  ir  the  violin  he  tuned 


^^=,  to  correct  flfthn,  itartiiLg  witli  a'; 


ahow  thftt  thow  notea  are  rejipoctivelv  «',  a',  V,  'j. 

(fi)  Tlie  Brale  of  "  B|j  nuijor"  ia  obtained  by  tranitttioin  tnm  the  key  of 
C  to  thiit  o(  F,  and  fmm  that  of  F  to  that  of  B^.     The  scalo  of'Q  minor" 
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i"ltw  g  =  la,  nnil  thus  do^  b9.     Hhow  tlint   Uir  ro«i>cctivp  <Iriic<-n<ling  wcalm 

d"      t       1        a.       t       m      r       d \ 

n      «,      'g,      /.       •«?.      -d,       c,      'B7 f"E^  major. 

I        B         f         m       r       d      t.    1..  ..)"On,inor." 

The  columns  in  tlio  tabic,  ])ag<t  S78,  headed  "  Equally-teuipered 

Scale,"  ahow  tlio  nature  of  the  system  at  eijual  temperament, 

which  is  as  nearly  as  pmctii-Alile  applied  to  the  pianoforte  and 

orgUL     The  intervals  are  equal ;  the  ratio  Ijetween  a  tone  and 

(its  predecessor  and  successor  is  in  every  case  the  same ;  between 

feach  pair  of  tones  the  logarithmic  increment  is  equal:  it   is 

Iog_2  ^  -301300  ^  -025058^     The  result  differa  widely  from 
12  12  ^ 

ire  intonation ;  but  we  are  accustomed  to  it.  Ou  a  pianoforte 
{ually  tempered  the  fifths  are  nut  appreciably  out  of  tune, 
though  they  are  a  little  flat :  hut  the  thirds,  three  of  which  are 
forced  to  make  an  octavo  instead  of  extending  oidy  from  C  to 
BJ.  are  too  sharp ;  and  though  this  be  not  ofTcnaivo  on  the  piano- 
forte, to  wliiok  indeed  their  sharjjness  lends  somewhat  of  hrillinncy, 
yet  in  slow  sustained  liannony  thuse  sharp  thirds  are  really  dis- 
cordant, as  may  be  well  heard  on  a  loud  hai"monium  tuued  in  the 
usual  manner,  and  ou  which  thirds  alune  are  played. 

Loudness. — ^Thy  physical  Inttnwity  of  a  sound  depends  initi- 
ally ou  the  square  of  tlio  amplitude  of  the  vibmtiun  of  the 
sounding  body ;  but  the  corresponding  sensation  of  luudneas 
depends  not  only  upon  peculiarities  of  sensitiveness  of  the  ear, 
but  also  on  the  amount  of  physical  disturbance  of  its  di-um,  and 
if  the  sound  be  conducted  to  the  ear  by  the  air,  it  depends  on 
the  intensity  of  Wbration  of  the  air  near  the  car ;  and  tliis  varies 
not  only  (1)  as  the  square  of  the  amplitude  of  the  original  vibra- 
tion, but  also,  in  the  open  air,  (2)  inversely  as  the  square  of  the 
distance  of  the  sounding  object 

To  cotnp4rc  tin!  relative  loudnemefl  of  two  soiimU  of  nearly  the  Kime  pitch, 
pkcc  the  sounding  bodii^s  at  mch  distances  tiint.  t1icy  hcmnic  just  inauiillilv, 
anil  no  luore :  aay^that  the  one  l*comtR  iii.iiulililL-  at  10,  the  other  at  60, 
yaril!*  :  tlitn  the  laudn&aa  of  the  one  at  60  yards'  distnnci?  is  at  tli*^  «Ar  echini 
1>)  thjit  of  tbe  uther  nt  1 0  yardH  ;  th«ir  initial  intensities  muat  be  as  10^  :  SO', 
or  1  :  ia. 

If  the  sound  be  not  propagated  in  free  air,  hut  ho  confined  in 
a  tube,  the  loudness  of  sound  may  dimiuisli  at  a  much  less  rate. 


Bomtn. 


lonAv. 


for  ultimately  tlic  waves  bocomc  plane-fronted,  and  move  down 
the  lube  willioul  any  loss  of  intensiLy  other  thnu  what  is  duo  to 
such  loss  uf  eimrjjy  as  is  brought  aln^ut  by  friction  agaiiiat  the 
sides  of  the  tube  or  by  the  viscosity  of  the  air  itself. 

Hence  sounds  can  be  carried  along  sewei-s,  speak:  ng-tubeB, 
etc.,  to  great  distances  without  gi'eat  diuiiuiition  of  loudness. 

Similarly,  if  sound  be  propagated  by  pamllel  or  convergent 
waves  in  the  air,  as  when  it  issues  from  a  wide  aperture,  or  after 
reflexion  from  a  curved  surface,  it  may  lose  little  of  its  intensity, 
or  may  even  concentrate  its  intensity  on  some  particular  place. 

The  loudness  of  a  sound  also  depends,  if  it  be  conveyed  by  a 
yascous  medium,  on  the  density  of  tliat  medium  at  the  place 
where  the  vibration  is  imparted  to  it.  The  denser  the  medium, 
tlio  {^'renter  its  inertia,  and  the  more  readily  it  is  compressed 
against  itself:  the  greater  the  compression,  the  greater  the  amount' 
of  energy  imparted  to  the  mtidium,  and  the  louder  the  sound 
produced.  A  body  vihratiug  in  kocuq  prnduces  no  sound  :  in 
rarefied  air  or  hyilrogen,  or  any  other  rare  or  rarefied  gas,  it 
produces  a  comparatively  feeble  sound  ;  in  carbonic  acid  it  pro- 
duces a  louder  sound  than  in  air.  A  cannon  lired  on  a  mountain- 
top  produces  Uttlc  souud ;  one  fired  beneath  is  heard  distinctly 
and  loudly  in  a  balloon  even  at  a  great  height. 

Concentration  of  flound-wavea  renders  .sounds  louder,  as  in 
ear-trumpets  and  in  those  stethoscopes  the  auditory  extremity  of 
wliich  fits  into  tlie  ear. 

Quality  of  Sound. — If  a  body  vibrate  so  as  to  produce  a, 
souud  uf  the  fundamL-utal  pitch.  C  =  G4,  and  if  all  Uie  kanuonioa' 
be  present,  the  series  is  the  following: — 

1.     2.      3.      -I.      6.      6.     7.     8.     9.     10.     U.     13.     19    14     IS,  etc. 
ei   1-26   lfl2  350  320  i%i  44S  S12  57Q  840    704    708    832  890   MO. 


Tliese  are  all  tones  of  the  scale  of  C,  with  the  exception  of 
the  7tli  and  its  octave  the  14tl:,  the  11th  and  the  13th.  Tho 
7th  and  14th  correspond  to  a  very  flat  B  of  112  vibrationa, 
lying  between  A%  aud  'AS:  the  11th  to  a  sharp  F  of  88  vibra- 
tions, lying  between  '¥  and  Yt\  the  13th  to  a  flat  A,  lying 
between  A!j  and  A. 

Analysis  of  a  Hound  into  its  components  may  be  etfected 
by  several  methods,  of  wliich  we  stall  first  consider  one  due  toJ 
Prof.  Mayer.      As  onr  example  we  take  the  sound  produced  by  a 
vibrating  organ-reed-pipe,  a  sound  which  we  recognise  as  peculiar 
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and  characteristic  "We  are  provided  wit]i  a  set  of  tmiitig- forks, 
out;  of  wliich  vibrates  iti  exact  uuiBon  with  tha  fundameutal  tone 
of  the  oi^'an-pipe,  aad  the  rest  of  which  respectively  vibrate  2,  3, 
4,  5.  etc.  times  as  rapidly.  As  to  the  organ-pipe,  a  part  of  its 
wall  has  been  replaced  by  a  piece  of  inelfistic  thin  morocco 
leather,  or  some  Bimilar  substance,  which  vibrates  exactly  as  the 
air  within  tlie  pipe  does.  To  one  point  of  thia  is  attached  ft 
biindlo  of  8  ilk  worm-cocoon-threads,  40  inches  or  so  in  lengtli : 
each  of  these  is  attached  to  one  of  the  tuning-forks  and  tightened 
soiiiewliat  Tiie  orgau-pipe  w  caused  to  sound ;  the  leather 
vibrates  ;  tlie  silk  fibres  are  all  set  in  motion,  and  each  alternately 
tugs  and  releases  its  own  tuuinfi-fork.  If  the  vibration  appropriate 
to  any  one  of  the  inning-forks  be  present  in  the  original  compound 
vibration,  the  corresponding  fork  ia  »et  in  motion :  if  it  be  not 
present,  that  fork  remaijis  silent ;  if  the  vibration  be  ample,  the 
fork  Bounds  out  loudly :  if  it  be  not,  the  sound  ia  feeble.  This 
arraugemeut  analyses  the  sound  into  its  components,  for  it  can 
be  seen  which  of  the  tuning-forks  are  set  in  vibration  ;  and  if 
the  organ-pipe  cease  sounding,  the  forks  go  on  sounding  for  some 
time,  and  by  their  joint  action  produce  a  compound  sound  closely 
rescmbUug  the  sound  of  the  reed-pipe  which  liail  b&tm  the  means 
of  setting  them  in  vihrjition.  This  action  is  very  exact:  the 
slightest  difference  between  the  uHtitral  rate  of  any  tuninij-fork  and 
thnt  of  the  corresponding  organ-pipe- vibration  causes  the  fork  to 
sound  with  comparative  feebleness,  or  not  to  sound  at  all. 

Eesonators  ai-e  extensively  used  as  a  means  of  analysis  of 
sound.  A  resonator  consists  in  its  most 
usual  form  of  a  bulb,  generally  of  glass,  with 
a  large  aperture,  a,  at  one  side  and  a  small 
one,  i,  at  the  other.  The  air  within  such 
a  bulb  Iios  a  natural  period  of  vibration 
kWhich  depends  upon  the  cubic  contents  of 
^de  resonator  and  upniii  the  size  of  the 
(wifices.  This  pei-iod  can  be  found  by  the 
pitch  of  the  sound  prrKluced  on  tapping  the 
soft  substance,  or  by  blowing  brief  blasts 
mouth.  If  the  air  convey  a  system  of  waves  which  agree  in 
period,  either  absolutely  or  approximately,  with  the  natural  free 
vibration  of  the  air  in  the  rcaonator.  the  air  in  the  resonator  will 
absorb  the  enei«>'  of  those  waves,  will  be  set  in  motion,  and  witl 
act  as  ft  sounding  body.  If  we  be  provided  with  a  set  of  such 
resonators,  the  air  in  one  of  which  freely  vibrates  in  unison  with 
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of  air    across   its 
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ail  a'  tuuing-fi^rk,  aud  iu  the  utltets  respectively  2,  3.  4,  5,  6,  7, 
etc.  times  as  rapidly, — then,  on  listeiiiiig  U}  an  a'  oi;gan-reed-pipe, 
one  ear  beiug  closed  and  the  other  adapted  to  each  resonator  in 
succession  (this  being  done  by  fitting  the  nipple,  b,  or  the  resonator 
(Fig.  142)  into  the  car),  we  shall,  if  tho  proper  sound  of  any  of 
the  resonators  he  contained  in  tlie  com])]cx  sound  to  which  we 
listen,  hear  that  resonator  loudly  sing  out  ita  proper  tone ;  'while, 
if  it  be  not  present^  we  shall  simply  hear  the  ordinary  sound  of 
the  pipe  through  the  resonator,  without  any  reinforcement-  And 
further,  if  we  fill  onr  ears  with  the  sound  of  the  tone  thus  sung 
out  by  the  resonator,  and  remember  its  pitcli,  we  shall,  when  the 
note  is  again  sounded  out  by  the  organ-pipe,  even  without  a 
resonator,  hare  no  dilTiculty  in  hearing  the  harmonic  tone :  and 
by  diiiL  uf  practice  we  may  hear  at  will,  or  even  independently 
of  will,  nmuy  if  not  all  of  those  compouent  liannoniu-tones 
which,  by  accompanying  that  fundamental  tone  to  which  alone 
in  ordinary  eircumstancca  we  ara  accustomed  to  listen,  help  to 
make  up  the  note  of  the  organ-pipe. 

A  very  convenient  fomi  of  reaonator  may  Le  utade  of  a  common  tall 
lamp  i^liimiii!)'  or  a  MJmilar  jiiei-e  of  tuhiii({.  If  it  (m  hi-M  vtrrtii^l,  tw  iU  lnw«r 
enii  in  iiiu»ui>wil  iu  wjtt«r  to  viti'itnu  licptliK,  il»  nntimil  ])ii<:h  vurifs  :  and  a 
tubv  Ihiu  gnitJiulI^  liiwuai]  iulu  water  u  (.a^-ablu  uf  n:«uiiui1iiig  in  tuctcmiua 
to  tliv  UiiTureiiL  liurtuimitv  of  a  fundamcnt^tl  nute,  hi  tluit  t\w  cur,  placetl  near 
llm  tubt^  i:an  Pticogniso  tlieir  Bcveral  pre-wnwa.  In  Wiutricli'8  rffwnator  an 
H{)ertiire  nt  the  wde  miiy  be  clnseil  liy  Liu:  finger.  By  aiJ  of  tlir  BKUie 
n«(inat'>r  an  oljAcn'cr  U  ihiiit  mabk'd  to  WsXvn  alt^^mntuly  to  tlic  gmv«-pitelied 
Uiuectfi'Mitintl  of  the  heart  uni]  bo  Uic  Kborpcr  valvc-cUvtcliing  «oiiQ<i  See 
QlduidUn,  rhifaiot.  Mnhodii: 

Itesonatora  may  be  otherwise  employed.  If  the  small  aperture 
h  be  etoj>ped  with  wax,  and  if  the  resonator  he  brought  near  n 
sounding  body,  it  will  absorb  the  energy  of  a'ny  \iliration  corre- 
sponding to  its  own  proper  tone,  and  may  tiien  he  removed  and 
listened  to :  thxia  each  one  of  a  set  of  resonators  may  be  made  Co 
select  one  tone  out  of  the  group  of  tones  present  in  an  ordinary 
mtisical  aouud,  and  tc  bring  it  to  the  ear  to  be  listt.'ut}d  to. 

A  rcennator  and  a  wiiiDilioj;  lioily  tu  whieli  it  b  in  mponso  Kcm  to  be 
maiiully  rr-p«lled,  tn  consequence  of  ihe  B\tvt»ts  ml  up  in  th<i  JnierreDlng 
air  (i>voMJl). 

Kesonaton  may  further  he  used  to  transfer  tiie  energy  whicb 
they  thus  take  up  to  relatively-massive  bodies  such  as  tuning- 
forks.  A  resonator  may  l«  made  in  the  form  of  a  thin  wooden 
box  with  open  ends :  a  tuning-fork  precisely  in  tune  with  it  is 
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fitted  on  its  upper  surface ;  a  sound  causes  the  air  in  tiie  box 
to  vibrate,  the  air  acta  upon  &e  box,  and  the  box  upon  the 
tuning-fork ;  if  all  be  in  exact  unison,  the  energy  accumulates 
in  the  timing-fork,  which  comes  to  vibrate  energetically  and  to 
produce  a  loud  sound. 

Again,  the  oscillation  of  the  air  in  a  resonator  may  be  rendered 
visible  by  the  following  device: — A  cavity  in  a  block  of  wood 
(Fig.  143)  is  divided  into  two  parts  by  a  membrane,  such  as  thin 
goldbeater's  skin.    The  one  ji»,io. 

moiety  of  the  cavity  is  con- 
nected with  the  cavity  of 
a  resonator :  the  other  is 
connected  with  a  supply  ^ 
of  coal  gas  which  enters 
at  B  and  passes  out  at  G 

on  its,  way  to  be  burned  oS" 

at  the  jet  D.  This  contrivance  is  called  Eoenig's  manometric 
capsule.  When  a  sound  is  produced  outside  T  containing  as 
one  of  its  component  tones  the  proper  tone  of  the  resonator 
the  air  in  the  resonator  oscillates  in  sympathy  with  that  com- 
ponent, the  diaphragm  vibrates  with  it,  and  the  flame  at  X>  is 
rendered  alternately  higher  and  lower  by  the  action  of  the 
vibrating  diaphragm  on  the  stream  of  gas.  The  flame  obvi- 
ously alters  its  character;  and  the  change  undergone  by  it  can 
be  studied  by  looking  at  it  while  the  head  is  turned  rapidly  from 
side  to  side,  the  eyes  being  kept  fixed  relatively  to  the  head,  or 
by  looking  at  the  flame  through  an  opera-glass,  which  is  rapidly 
moved  across  the  field  of  view,  or,  best  of  all,  by  looking  not 
directly  at  the  flame  but  at  its  image  in  a  rapidly -rotating 
mirror :  in  which  cases  the  flame  or  its  image  appears  to  spread 
not  into  a  uniform  band  of  light,  hut  into  a  band  with  serrated 
edges,  or  even  into  a  chain  of  bead-like  separate  images. 

A  sufficiently-extensive  set  of  resonators  would  thus  enable  us 
to  effect  the  analysis  of  sounds  of  any  degree  of  complexity :  but 
resonators  do  not  furnish  us  with  as  delicate  a  means  of  investi- 
gation as  the  means  first  described,  unless  indeed  they  be  each 
allied  with  a  tuning-fork ;  they  respond  in  general  with  excessive 
readiness  to  any  tone  in  the  proximity  of  their  natural  tone. 

Synthesis  of  Sonud. — Helmholtz  has  shown  that  any 
quality  of  sound  may  be  built  up  by  the  superposed  effect  upon 
the  ear  of  simultaneously-sounding  tuning-forks  of  the  proper 
number,  pitch,  and  relative  loudness. 

2  c 
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Complex  Sound- Waves. — The  pitch,  tho  loudness,  and  the 
quality  of  a  soiiiiil  may  bi;  studied  tcgether  by  cauaiog  sound- 
waves to  impinge  directly  upon  some  sensitive  body  witliout  auy 
intermediate  prociiss  of  selection  or  KltraLioo.  Tims,  if  instead  of 
a  resonator,  as  in  Fig.  143,  a  cone  be  adapted  to  a  manometric 
capsule,  and  if  sound  be  produced  at  the  mouth  of  the  cone, 
sonnd-waves  will  impinge  directly  iipon  the  memtrane  in  A. 
The  memlirane  will  go  through  a  complex  motion  somewhat 
resembling  the  oripnal  com  pound- vibration  of  the  sounding  body, 
and  the  flame  will  demonstrate  this  by  its  variations  of  height. 
The  image  of  tliis  oscillating  flame  will  appear  in  a  mirror,  if  tlie 
mirror  he  made  to  revolve,  as  a  band  of  Light,  serrated  by  large - 
teeth,  whose  outline  is  broken  by  subsidinry  serrations ;  the  num- 
ber and  size  of  the  greater  seExatioas  indicate  the  frequency  and 
amplitude  of  tlic  fuudameotal  vibration:  those  of  the  subsidiary 
serrations  vary  witli  the  iiunihcr  and  variety  of  tlie  subsidiary 
vibrationa  This  es])erimeut  may  be  roughly  carried  out,  if  there 
he  no  revolving  uiirror  at  hand,  by  wbirlbig  the  gas-flame  itself 
(a  rat's-tail  jet  at  the  end  of  a  tiexible  tube)  before  the  eye. 

It  is  interesting  to  carry  oul  thie  experiment  It;  singing  into  the  opea 
end  of  the  cone ;  *vcu  Hinon^  not^ja  of  the  unnie  pilch  Bung  to  the  antne  TOWelf 
the  association  of  difTcrcnt  fonus  of  the  (liimi:-ititAKc  with  dilfcrent  qualities  of 
tone  and  different  subjective  scnaations  ia  very  Mtri-lung  ;  and  it  is  possible 
for  u  siDtfer  to  attain  to  tlit  pnxluctiou  of  very  pure  lone— such  jmre  tone 
fiJivirjjf,  howevei',  a  somewliat  liotlow  quality — by  finding  nut  for  hiiitHuIf  how 
U>  cuutrul  the  laiyux  so  ta  to  keep  the  NciratiuiM  vuiibly  upeii  xntl  simple. 

If  the  membrane  A  have  a  small  mirror  attached  to  it,  the 
mirror  will  share  in  the  vibrations  of  the  membrane,  and,  if  it  be 
jointed  on  a  hinge,  will  reflect  a  beam  of  light  in  such  fashion  as 
to  produce  a  curve  upon  phritojji-aphic  pajier  unifonijly  mlled  jKist 
the  vibrating  membrane;  tljin  curve  will  iudiuato  the  frequency, 
the  amplitude,  the  complexity,  of  the  vibratiuiis  of  the  mem- 
brane. 

Sound-waves,  however  complex,  may  again  be  caused  per- 
mauetitly  to  record  the  succession  and  variation  of  their  own 
impulses.  I>eon  Scott's  Pbonautogroph  is  a  conical  vessel, 
closed  at  its  narrower  end  by  o  membrane  ;  to  the  membrane  ia 
attached  a  writing-point ;  the  extremity  of  tlie  writing-point  is 
brought  into  contact  with  a  smoked  revoU-ing-cylinder.  As  long 
as  there  is  no  sound  tho  writing-point  describes  a  uniform  lino  on 
the  rotating  cylinder :  when  sound-waves  enter  the  cone  the  mem- 
braue  is  set  ia  vibration,  and  the  writing-point  now  describes  an 
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uadulatiug  line  wliiuli  varies  in  its  form  according  to  the  fruquency, 
the  amplitude,  and  the  cumplBxity  of  tlie  original  vibration. 

It  imist  hv-  «l)»crvu(l  tliiil  tncmbriLiioii  IIuin  innctf.  u»e  nT  ilo  not  (exactly 
xeprodnce  the  original  molion  at  any  pwiul  of  thyir  i^urfac*  :  thii«>;  compouvoU 
ere  exiig^rat«d  whicii  appruximattly  or  cii»ctl.v  coinciilo  in  frci|ueiicy  with 
tome  normal  iinxle  of  frev  vibration  of  the  inembmne  it«i.'lf. 

Edison's  Phonograph  is  a  phonautograph  whose  ■writing- 
point  is  somewhat  blunt;  and  it,  recoids  the  vihration.'!  of  its 
membrane  by  being  driven  through  variable  distances  into  a  sheet 
of  soft  tin  fixed  on  a  rotating  cylinder:  it  leaves  a  permanently- 
defonuing  mark,  a  groove  of  varying  depth.  If  the  membrane 
aft«r  haviug  made  such  a  mark  he  raised  from^  the  rotating 
cylinder,  and  thu  cylinder  turned  back  to  its  initial  position  ;  if 
the  membrane  lie  now  readjusted  in  its  former  position,  or,  lietter, 
a  little  nearer  the  cylinder;  and  if  the  cyliuder  be  again  rutateil 
in  its  former  direetiim,  with  the  same  velocity  us  at  Hrat, — the 
depressions  in  the  tin,  being  of  variable  depth,  ciiiise  the  blunt 
writing- point  under  which  they  pass  to  move  alternately  towards 
and  away  from  the  cylinder ;  this  compels  the  membrane  to  exe- 
cute vibrations,  and  in  so  doing  to  set  np  vibrations  and  soumi- 
waves  in  the  air,  which,  bejug  received  by  the  ear,  produce  a  sound 
similar  to  the  original.  Not  exactly,  however  :  the  process  is  not 
perfectly  reversible.  Some  consouauts  are  not  well  reproduced, 
especially  the  explosives  <b,  p,  t,  d,  k,  g)  and  the  sibilants  (s,  z,  th) ; 
aud  further  it  is  generally  found  that  there  has  teen  some  ex- 
aggeration uf  some  of  the  higher  cempouunUi  in  the  course  of 
transmifiiiion  through  the  membrane,  the  ellect  of  which  is  to 
render  the  sound  reproduced  one  whost*  quality  is  somewhat 
metallic,  nasal,  or  even  iKiueaky  and  rimckiueUu-like. 


Laws  of  Vibbation  of  Sounding  Kodies, 

These  laws  form  properly  a  part  of  kinetics ;  hut  the  raeaus 
of  research  into  the  }ihenomeaa  of  vibration  which  lies  most 
readily  at  nur  disposal  is  the  olisorvatiou  of  the  pitch  of  the 
sound  produced  by  vibrating  bodies ;  for  which  reason  some  part 
of  the  consideration  of  these  laws  has  been  deferred  to  this  place. 

In  general  any  vibration  of  a  vibrating  or  sounding  body  is 
a  periodic  motion,  a  Fourier- motion ;  though  in  particular  cases 
we  may  find  that  the  vibration  ia  not  a  single  Fourier- motion 
either  simple  or  complex,  but  may  be  resolved  into  a  number  of 
such  motions,  simultaneous  and  superposed. 
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Transverse  Vibrations  of  Strings. — If  a  string  be  stretched 
and  drawn  nside  from  its  mean  poaitioii,  it  tends  to  retura  to  that 
position.     lu  Fig.  144  let  the  string  AB  subjected  tu  the  teustou 


of  a  weight  of  T  grammea  (that  is,  Tg  dyuea)  be  drawn  into  the 
position  ACB,  the  particle  C  being  supposed  for  simplicity's  sake 
to  have  been  initially  at  0,  the  centre  of  AB  :  the  tenaion  tending 
to  bring  back  the  particle  0  to  0  is  the  component  of  the  total 
tension  resolved  in  the  dij-eoLion  CO  :  this  varies  directly  as  CO — 
that  is,  the  restitution-a  tress  varies  directly  as  the  displacement— 
the  criterion  of  harmonic  motion:  and'it  con  be  shown  as  a 
consequence  of  the  fact  that  the  string  is  fixed  at  A  and  C,  that 
the  Btriug  will  oscillate  in  some  such  manner  that  its  aggregate 
motion  can  be  analysed  into  a  number  of  simple  oscillations  whose 
periods  are  commensurable :  in  oUier  woi-ds,  that  the  motion  of 
tiie  string  is  a  I'ouriBi-motion.  According  to  tlie  mode  of  dis- 
turbance— striking,  plucking,  bowing — of  the  string,  or  the  dura- 
tion of  these  operations,  there  may  be  an  infinite  variety  in  the 
relative  amplitudes  of  these  component  simple  oscillations.  Somo 
of  these  components  may  even  be  altogether  absent :  where,  for 
ejample,  a  string  Ls  plucked  at  its  centre,  it  is  not  possible  that 
any  of  those  components  which  have  a  point  of  rest  at  the  centre 
of  the  string  should  be  present,  and  the  vibration  of  a  string  so 
plucked  is  one  in  which  all  the  even  components  are  absent, 
In  general,  a  vibrating  string  does  not  present  any  component 
oscillation  whose  node  is  at  tko  point  of  disturbance. 

Freipiency  of  Oscillation. — -In  g^iiural  ihu  velocity  of  propagalion  of 
R  v'BTD  ifl    /  — :  bL-rcwc  uiuet  substitnla  fur  K  (Utc  reBtitution-coofficteot)  the 

V    p 

fores  here  urting — Uiat  ia,  Uie  teiuion  per  unit  of  wcttonal  area  of  the  stniig  ; 

this,  intasurod  in  dynea,  is  —if  when  r  is  the  radius  of  tho  atriug.     Beaoa 

►  =/-='    /TlS  .1  .  =  i     /l-i.     But  th«  length  of  each  ware 
V    p        V    T-r-     p  r  V    ir.p 

is  fixed  Viy  the  condition  of  the  strinji :  it  is  hound  at  each  cud,  and  if  we 
confims  our  attention  to  the  slowest  <:omi>oncot,  the  fuudanii:ntal  tone,  wo  see 
tltal  A,  the  wave-leugth,  is  equal  to  2AB  or  91,  twice  t]ie  length  of  the  string. 
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Tbtts,  nDcc  ft,  the  number  of  complete  oecilltitioiiA  per  fieoand,  is  equal  to 

— ,  w«  have  ,         ,  .-- — 

Tbis  determinea  Che  frcftjueuc)'  of  the  fundfuut-ntal  rtbnition  :  tlie  liamionicfl 
vill  have  feequcoicies  S,  3,  4,  etc,  tiinen  ait  greaU 

Pr<Mtm. 

A  wire  of  »t*el  (ji  =  "-fl)  I  met.  long  ftnd  r2  mm.  tiici  i«  Btretch«J 
liy  the  Weight  of  40  kilogr*.  Mid  net  in  tponsverw  vibration  :  wliat  will  be 
the  frcquiitity  of  it«  ftmdftracntnl  vibrfttion.  \     What  ita  pitch  1 

1        \        /rTy^     1         J^       /  4000  X  081 
"  "  2(  ■   r  V   IT .  p      200  '  ^  V    SUlfi  X  7-8 

=  106|  vibmtions  per  f«eooiiil ;  |S.~"3  (when  «'  =  256). 

So  for  It  jierfectly-flesibli!  atrlng  ;  theclfGct  of  ri|.;idLty  of  wire  or  Etring 
i.t  to  (1iniinii<h  cho  numbiir  »f  vibrations,  and  to  cauee  the  moti^in  to  ii»niine 
the  chaitifter  of  a  iiunibiir  of  auperporiKil  hariiiiinic  iiiotimiH  of  incflininGD&ui'- 
ahle  period. 

The  vibrations  of  a  violin  string  differ  imicli  from  those  of  a 
pianoforte  string.  In  the  \noUn  the  oacillatiug  string  sometimes 
travels  in  ihe  same  diructiou  as  the  bow,  soiuetiuie»  away  frum  it. 
"Wlieu  the  bow  aiid  tlie  string  travel  in  the  same  tlirectiou,  the 
buw  drags  tkti  string  with  it,  disturts  it,  ]mlls  it  out  to  an  extent 
greater  than  that  which  it  would  have  travelled  if  allowed  freely 
to  vibrate.  When  the  string  returns  the  bow  fails  to  retain  it, 
rloaes  it»  and  as  it  is  returning  bites  and  catehes  it  again  by  moans 
of  some  rough  resinous  particle  at  another  yiart  of  the  Imw. 

The  friction,  and  coii»equently  the  adhesion,  between  the  stiiiig  and  the 
buw  axe  relatively  ^jreater  when  both  move  in  the  same  direction,  for  at  low 
iblalivti-Kpevds  Xrictiun  increaseii. 

The  string  ib  thus  distorted  and  assumes  successively  a  number 
of  forms,  of  which  no  one  is  Giirvcd :  and  tlie  form  of  tlie  vibrating 
atriDg  at  any  instant  presents  an  angle  between  two  straight  lines, 
a  form  difTering  considerably  from  the  curve  of  sines.  But  it  is 
periodic,  and  it  is  true  Fourier-motion. 

The  mathematioil  problem  if — What  superpoBition  of  comnienMirate 
SJl.H.'t  wiU  pRHluce  a  vibmlien-curve  such  that  for  a  ceriaiti  dti^tance  the 
flezntOB  BO  bahmire  i>nc  another  as  to  pri>du<:e  ii  stnii)>lit  line,  and  thi'n  m>  aid 
one  another  »o  a«  to  produce  an  abrupt  angle  followed  by  a  slniitjlit  li'"'  f 
This  can  !«  Bolvcd,  and  the  reenlt  is  that  the  vibration  of  a  bowod  Btrint; 
must  be  componed  of  a  fundamental  vibration,  of  weak  componcntB  2d  to 
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6th,  imd  nf  ample  lii^licr  cniDponcnti.    Tbix  agr««a  with  tht  nmih  of  TcranatoT' 
iuiAly»iH  of  the  sound  of  a  violin. 

Ill  tho  sound  of  a  violin  tlte  upper  harmonics  are  loud  and 
piercing ;  tho  nearer  Iiarmonica  ore  feeble,  and  the  fundamental 
tfjue  staiiila  apporantly  alone,  but  rendered  penetTatinj:»  in  quality 
by  tile  high  niiisa  of  hannnnlcji.  Piirity  of  vinlin  tone  dirpcndH 
upon  perfect  j)eriodicity  of  the  peculiar  motion  of  the  string ;  this 
is  difficidt  to  attiiin,  fnr  a  good  elastic  vii>Iin,  uniform  strings,  a  uni- 
form bow,  uniformly  resined  and  evenly  handled^  are  necessary  : 
and  any  stumbling  of  the  bow  over  the  string  or  irregular  move-I 
ment  of  the  string  under  the  bow  are  revealed  by  scratchiness  of 
tone. 

The  sharper  the  angle  made  at  the  point  of  disturbance,  the 
richer  the  tone  in  high  harmonics.  A  atring  plucked  with  u 
quill,  as  in  the  old  harpsichord,  has  thns  a  metallic  tiukUng 
quality,  and  its  fundELmental  tone  is  feeble. 

A  string  strnck  suddenly  at  one  point  has  a  form  differing 
greatly  from  that  of  tlio  curve  of  sines.  Part  of  the  string  remains 
nnalTeeted,  while  the  part  struck  is  distorted.  Tliis  distortion 
tmvels  along  tlie  string,  and  results  in  a  periodic  motion  alwund- 
irg  in  high  conipunent.4 ;  tlie  lone  produced  is  tinkUiig.  If  tlie 
same  cord  or  wire  be  struck  gently  by  a  soft  elastic  hammer,  tho 
blow  being  deliberate,  and,  as  it  were,  gradually  insisting  npon 
the  displacement  of  the  string  at  the  point  struck,  the  disturbance 
is  more  evenly  spread  over  the  whole  string,  and  the  fundamental 
component- vibration  is  more  prominent,  the  higher  components 
are  relatively  more  feeble,  and  the  tone  is  purer. 

In  a  pianoforte  atring  struck  by  an  elastic  soft-hammer  the 
harmonics  up  to  the  sixth  are  present ;  the  seventh  is  obliterated, 
or  nearly  so,  by  the  liarnmer  being  made  to  strike  tlie  string  at  a 
spot  one-seventh  of  its  length  from  tlie  end  of  the  string — that  is, 
at  a  spot  which  would  have  been  a  node  of  tlie  seventh  component 
if  that  component  had  Bxisted  in  the  compound  vibration :  and 
the  components  beyond  thti  seventh  arc  feebly  represented. 

Tho   Monochord  13  a  box  of  thin  light  wood  containing 
air  which  commmiicatc.i  with  the  exterior  air  liy  lateral  apertures, 
llptm  this  box  rest  two  bridges  ("  bsnjo-hridges  ")  one  near  eacKi 
end.      Over  tho  bridges  is  stretched  a  wire ;  of  which  one  end  is] 
firmly  fixed  to  one  end  of  the  box.  while  the  other  is  either  passe 
over  a  piJley  and  made  to  support  a  weight,  or  else  connected^ 
with  a  tuning-peg,  which  may  ha  turned  by  a  tuning-key,  the 
tension  on  the  stretched  string  being  thus  varied. 
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Rxperimeiits  with  the  Mouochord. — For  experiments 
it  ia  better  to  use  a  fonti  of  moiiocliuril  in  which  there  »re  two 
wires,  of  which  one  is  tighteueil  by  a  peg,  the  other  hy  a  sus- 
pended weigtit;  in  the  latter  the  tension  on  the  wire  can  be 
dirccdy  measured,  in  the  former  it  must  be  inferred. 

1.  Suppose  a  wire  1-2  mm.  thick,  whose  free  N-ibrating 
part  is  1*2  metres  long,  to  be  stretched  by  the  weight  of  43 
kilogrs.,  and  the  pitch  of  the  sound  produced  to  be  0  =  96 
vibrations.  What  weight  ought  to  be  added  in  order  to  raise 
the  pitch  to  rf  / 

The  pitch  is  raised  G  ;  d — i.e.,  a  fifth :  the  vibrations  are 
rendered  more  numerous  iu  the  ratio  2  :  ^  ;  the  tousiou  must  be 
increased  in  the  ratio  2"  :  3',  or  4  :  9 ;  the  stretching- weight 
must  be  increased  from  that  of  48  tu  Ural  of  108  kilogrs.;  the 
mass  which  woiiUl  have  tu  be  added  is  60  kilogrammB.H. 

2.  Two  wirea  of  equal  thickness  are  stretched- — <jno  by  the 
tuning-peg  and  the  other  by  the  weight  of  a  heavy  mass — so  as 
to  vibrate  in  unison.  The  weighted  wire  is  removed  and  replaced 
by  ono  of  a  different  thicknesa  stretched  by  the  same  weight. 
A  thinner  wro  gives  a  higher  tone,  a  thicker  one  a  lower. 

If  in  Ex.  1  a  wire  1  min.  thick  be  employed,  what  will  be 
the  pitch  of  the  sound  produced  ?  The  freq^uency  varies  inversely 
as  tlie  radius :  it  therefore  exceeds  that  uf  a  wire  1'2  mm.  ttuck 
in  the  ratio  of  5  :  (> ;  the  twiv  produced  will  be  U7. 

3.  A  brass  wire  and  a  steel  wire  of  equal  gauge  are  equally 
stretched :  tliey  are  free  to  vibrate  in  equal  lengths.  Brass  has 
a  density  p  =  8-38,  stce!  =  7'8,  The  brass  wire  gives  a  sound 
lower  in  pitch  than  tliat  given  by  the  steel  wire :  the  re-specttve 
frequencies  arc  in  the  ratio  of  ^^7-8  to  ^^8-38  or  1  :  1*03G63. 

A  catfi^tt  string,  whoso  density  is  small,  gives  a  higher  noto 
than  a  steel  wire. 

4.  In  order  to  vary  the  free  vibrating- length  of  wire,  a 
movable  bridge  is  arranged  under  the  string.  If  this  be  ao  placed 
tliat  60  cm.  of  the  wire  are  free  to  vibrate  instead  of  120  as 
before,  the  sound  produced  will  be  the  Octave ;  if  40  f  =  t^),  the 
Twelfth  ;  if  ;iO  ( =  M-).  the  Fifteenth  ;  if  24  ( =  H^),  the  Seven- 
teenth— and  so  forth — above  the  fundamental  note  emitted  by  the 
freely-vibrating  string  of  120  cm.  length. 

The  number  of  vibrations  of  a  string  varies  inversely  as  its 
length.  Hence  if  we  wish  with  a  string  which  sounds  C  to  pro- 
duce the  note  I),  whose  frequency  is  that  of  C  X  S,  we  must 
allow  the  string  to  vibrate  not  as  a  whole,  but  only  in  S  of  its 
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length.     To  produce  the  scale  on  one  string,  the  parts  of  the 
string  wliich  are  allowed  to  WbTate  are  as  ioUows : — 


m 


I 


etc. 


The  application  of  this  principle  is  familiar  in  violin  playing. 

6.  Nodes  and  Looira  can  also  be  shown  on  the  monochord.  If 
tlie  wire,  12t)  cm,  long,  be  lightly  touched  at  20  cm.  from  the 
end,  and  if  the  twenty-centiuietre-part  of  the  wire  ho  set  in  vibra- 
tion by  a  bow,  the  whole  wire  is  found  tu  be  in  vibration  from 
end  to  end  ;  but  not  aa  a  whole.     It  <livides  itself  into  segmenu 
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or  vibrating  loops,  separated  by  nodes  or  points  of  rest  Each 
segment  is  20  cm.  long;  and  the  sound  ^iven  out  is  that  which 
might  be  emitted  by  Ualf-a-dozen  separate  wires  each  20  cm.  long — 
that  it!,  it  beara  to  the  note  emitted  by  the  whole  string  the  same 
proportion  as  (/"  does  to  C — two  octavee  and  a  fifth.  Similarly 
for  other  fractional  divisions  of  the  wire  or  string.  Lightly  stop- 
ping the  string  has  the  effect  of  destn>)in;^  or  of  checking  the 
formation  of  at!  those  modes  of  vibration  which  have  not  a  node 
at  the  point  touched  ;  hence  the  6th,  12th,  IStli,  etc  comjwnents 
of  the  vibration  of  the  whole  string  are  unchecked,  while  the 
other  components  are  rendered  impossible. 

The  nodea  and  loops  of  a  string  vibrating  in  this  way  are 
rendered  manifest  by  paper  riders  placed — some  at  the  nodes,  some 
on  the  loops ;  when  the  atring  enters  into  vibration  those  riders 
which  had  been  placed  on  the  nodes  will  retain  their  place,  while 
those  which  had  been  placed  on  the  loops  will  be  jerked  ofil 

Nodes  and  loops  on  vibrating  string.s  may  lie  illustrated  on  ft 
large  scale  as  follows: — Take  an  indiarubber  tube  10  feet  long, 
filled  with  aand,  or  a  long  spiral  of  iron  or  hnu^  wire,  ami  fix  one 
end  of  this  to  a  wall ;  hold  tlie  other  end  in  the  hand.  On 
moving  the  hand  gently  the  natural  period  of  oscillation  of  the 
cord  can  be  easily  foimd.     Give  with  the  hand  a  series  of  trans- 
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verse  impulses,  so  timerl  as  to  aid  the  natural  oscillations :  the 
tnbe  or  spiral  will  enter  as  a  whole  into  Mride  oscillations.  Now 
give  such  irapnlses  twice  03  often :  the  cord  will  divide  into  two 
segments,  pivotting  in  a  striking  manner  round  the  central  point 
Do  80  three  times  as  often  as  at  fitst :  the  cord  will  divide  into 
three  seguitiuUi  vt  luops,  pivotting  on  two  nodes.  By  increasing 
tlie  frequency  of  the  movements  of  tlie  haiid,  tlie  cord  can  be 
made  to  oscillate  in  4.  5,  6,  7,  or  even  8  or  9  seymenta,  accord- 
ing to  the  dexterity  of  the  expRrimenter.  Tlie  experiment  is  a 
verj'  striking  one ;  and  it  may  he  varied  by  causing  the  hand  to 
move  in  a  circle  or  an  ellipse  instead  of  a  straight  line. 

Melde's  Experiraeuta. — A  tuning-fork  is  provided  with  a 
little  hook  on  one  of  its  prong»;  to  tliis  hook  is  attached  a  fine 
white-silk  thread.  This  thread 
is  passed  over  a  wheel  and  at- 
tached to  a  suspended  mass 
partly  immersed  in  wat«r ;  the 
quantity  of  this  mass  can  he 
coarsely  adjusted  by  the  addition 
or  removal  of  sand  ;  its  effective 
weight  can  be  finely  adjusted  by 
varying  the  qiiantiity  of  water  in 
"W  (Fig.  146).  The  fork  is  set 
in  vibration;  waves  appear  to  travel  up  and  down  the  threAd;  if 
the  string  be  illummatcd  by  a  beam  of  light  in  a  dark  room,  the 
effect  is  singularly  beautiful.  As  the  tension  is  increased  the 
segments  vary :  at  length  the  thread  %'ibrate9  as  a  whole,  and 
seems  to  form  an  opalescent  spindle.  Its  frequency  of  vibration 
is  half  that  of  the  fork ;  the  thread,  when  at  its  limit,  is  pulled 
back  by  the  retreating  fork  into  its  mean  position,  but  is  relaxed 
and  allowed  to  swing  over  upon  the  return  of  the  fork ;  whence 
two  oscillationB  of  the  fork  correspond  to  one  of  the  thread,  If  th^ 
tension  be  redurad  to  J,  tlie  vibrating  part  of  the  string  must  be 
ahortenai  to  J  in  order  it)  keep  time  with  the  fork,  or  else,  if  the 
string  be  not  shortened,  the  string  will  divide  into  two  equal  seg- 
monta  or  loops  separated  by  a  node:  il"  the  tension  be  redacted  to  ^, 
the  string  divides  into  tlirte  loops  with  two  nodes ;  and  so  forth. 

If  the  tuning-fork  be  tunied  round  through  90',  so  as  not 
now  to  tighten  and  relax  the  tliread,  but  to  give  it  a  sci-ies  of 
transverse  impulses,  a  similar  series  of  phenomena  will  be  ob- 
8er\-ed ;  but  the  fundamental  vibration  is  now  simply  synchronous 
with  that  of  the  tuning-fork. 
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Wlien  the  tlirend  is  attached  to  two  luniug-forics  whoso  fre- 
quencies hear  an  alii^iint  ratio,  the  tuning-forks  heing  placed  at 
distances  from  one  anotlier  such  as  to  tighten  the  thread  to  the 
refiuired  amonnt,  the  motion  of  the  thread  becomes  periodic,  and 
presents  a  complex  of  beautiTuI  loops  and  nodes  which  are  ob- 
tained with  comijaititive  ease. 

Transverse  vibrations  of  conk  may  hu  studied  witli  respect 
to  tlie  motion  of  each  particle  by  casting  a  beaiii  of  hyht  along  a 
vibrating  curd,  and  lookin;^  at  a  parliculur  brijjht  or  brightened 
spot  on  the  cord.  The  bright  spot  appears,  when  the  cord  is 
looked  at  end-on,  to  give  in  quick  succession  a  large  variety  of 
such  forma  as  we  have  already  seen  to  be  produced  by  the  com- 
position of  S.H.M.'a.  A  bright  spot  on  the  cord  may  also  be 
looked  at  through  a  microscope  whose  object-glass  is  borne  upon 
a  vibrating  tuning-fork  ;  the  apparent  motion  of  the  spot  pro- 
duced by  the  motion  of  the  object-glass  (this  being  parallel  to 
the  length  of  the  corfl)  is  compounded  in  the  eye  with  its  real 
motion ;  the  apparent  up-and-down  motion  of  the  spot,  as  looted 
at  transversely,  is  spread  out  into  an,  open  curve,  and  thus  be- 
conu'S  more  intelligible,  for  the  eye  can  more  readily  compteheud 
open  curves  than  simple  up-and-down  movements. 

Longitudinal  vibratioiiB  of  a  string  may  be  excited  by 
drawing  one  point  of  a  violin  bow  along  the  string:  a  very  shrill 
tone  is  produced. 

The  velocity    of  nropiigatian  =     /  —  ;  the  waTe-ltmfftli    is  twice  the 

V    p 

longlli  (if  tlie  string,  or  A  =  fi^ ;  the  number  uf  fundtunental  vibrations  per 

Pnhlem. — A  steel  wint — elanticity  2,fi20,000,000  g,  and  denwly  7-8 — 
of  une  lueti'u  lii  leci)ilEi,  ik  clitiii)K:<.l   at  the  twu  eiiils  and  eel  in  longitudioal i 
vlbraliou.     What  will  bu  tbc  pituli  of  tlie  eoubiJ  [inK]ui:eil  J 
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2,520,000,000  xom 


7-8 
per  eocond  =/""  +  . 


3000  vibmcioits 


As  a  rule  the  longitudinal  ^-ibrations  of  a  string  or  wire  are 
mnch  moro  frequent  tlian  the  transverse  ones,  and  thus  produce 
a  much  shriller  sound,  and  further,  they  are  not  so  much  affected 
by  tension  applied  to  the  string,  for  a  variation  of  tension  which 
would  materially  modify  the  frequency  of  transverse  vibration 
would  have  little  effect  upon  either  the  elasticity  K,  or  the  densitjj 
p,  upon  which  the  longitudinal  vibrations  depend. 
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A  violin  «"-rtring  glvoi,  wln'n  nihlu'd  Inngitiiilin/Uly  Iiy  onti  iwiiit  of  the 
bow,  a  sound  in  the  neighbourhood  of  ('/  $)""  ;  wliile,  when  let  ildwii  no  w 
to  eounil  only  t',  it  gives  out  a  longitudiual  vil>rtitit>n-eoutid  not  «o  low  m 
(/Jt)"";  the  longitudinftl  rtbration  hardly  falls  a  comnui,  while  the  tmnii- 
Tersc  fftlLi  iiu  octavo,  AH  the  CAtgut  atrinps  of  a  violin  may  be  obacn-ed  to 
give  unit  ni-nrly  llie  KaitiR  longitutliiiiil  nnU^,  for  this  does  Dot  ilepend  on  their 
tliickncHH. 

From  tliis  wq  see  bow  important  it  is  to  xiso  the  bow  in  such 
V.  way  as  to  biiujf  out  transverse  vibrations  only,  and  by  uo 
means  to  wield  it  so  that  aoy  compoueut  of  its  motion  ovar  tlm 
string  out  excite  lun^ItudiiiaL  vibratioua,  resulting,  us  those  do,  in 
fihrill  discordant  tones. 

By  mBans  of  the  monochord  we  may  learn  tliat  a  string  while 
vibrating  longitudinally  divides  into  loops  sepsirated  by  nodes,  just 
as  its  does  while  oxecutiiic;  transverse  vibrations. 

Longi^diii&I  vibrations  of  rods  resemble  those  of  strings  or 
wires.  A  glass  rod  grasped  by  its  centre  and  rubbod  longitmli- 
n ally  by  a  resined  cloth  will  enter  into  lontfitndina]  vibration  and 
will  produce  a  shrill  sound.  A  glass  U\\*e  treated  iu  the  satnc 
manner  may  be  made  to  ^-ibrate  so  vehemently  that  it  shivers 
into  segments. 

Transverse  vibrations  of  rods  obey  the  rnle  that  if  ^  be  the 
thickness  of  the  rod,  I  its  length,  K  its  coetficient  uf  elasticity,  and 
p  its  density,  then 

0  /K  ,    e  /K 

— .  /  — ,  or  w  =  amai  x      ./     • 

The  constant  varies  according  to  circumstances.  If  the  rod  be 
free  or  clamped  at  both  ends,  it  is  1'78 ;  if  it  be  free  at  one  end 
only,  the  constant  is  only  0-28. 

As  examples  of  rods  free  at  both  ends  and  vibratitig  trans- 
veraely,  we  may  take  the  common  glass  or  metal  liarmonicon — 
plates  of  glass  or  metal  supported  by  threads  at  the  nodal  lines 
and  struck  by  hammers.  As  examples  of  rods  clamped  at  one 
end  and  vibrating  transversely,  we  may  take  reeds  such  as  those  of 
the  harmonium  or  concertina.  Their  pitch  ia  raised  by  filing  off 
tlieir  substiLuue  towards  their  free  ends;  it  is  lowered  by  thinning 
them  towards  their  base.  Tuning-forks  afford  another  example 
of  vibrating  rods ;  they  are  tuned  in  the  same  way. 

In  rods  uf  the  atitao.  thickneRS  the  freciuency  »f  %nhr&tinn  varies  inversely 

aa  the  •qiiwe  of  the  length,  as  the  formula  n  =  c  -^    /    -  indicstes  ;  but  if 

P  V   p 

the  thickness  0  ond  the  length  I  vary  together,  so  that  dilTereat  nxb  have 


71  «a 


S9C 


eotnm. 


[CMAP. 


Ike  Mnw  «b*p«,  the  frequency  (lupm^  on  tlic  relati?fl  lengtb  only.  Thus 
k  tuJiag<4kUl[  4  i&chej)  long  and  one  S  inches  long,  of  the  name  Bfaape, 
[■irfuw  Boles  which  differ  by  itn  octavi; :  l.he  aama  n\U  Applies  to  fc^'Ir. 

A  ml  dou  not  Til>mt«,  na  a  ^holc,  in  )in1re#,  third*,  etc.,  but  the  c<om- 
|mu«fit  vikmUons  have  frcqiienciee  1  : 4  : 0  :  L6,  etc  ;  Lilt  each  comjioneiit 
kM  it*  uvn  rate  of  trarclUug  throng;]!  the  Bolid,  and  tliua  the  periodic  nature 
p(tb«  Titiritiuij  is  iluturbcd.  Such  a  vibration  of  a  rod  u  an  extremis  ca«e 
of  tlip  vibration  of  n.  rigid  or  thick  wire. 

A  n^l  of  circubir  xeiliiiii  am  viUrute  tnin«vttr»cly  uitli  iiidifffivniM  io  all 
tUlvt'tioM,  One  wlmiw  mv  tion  ix  nbbmn  i^iii  »iu:i1!]it<-  iiinrc  widely  in  a  plane 
st  right  angles  to  tbi.^  truiid  ruirt?  than  it  cjiu  iu  a  plane  poraUvl  to  that 
hoe  —  e.jr.|  a  vibrating;  rued,  in  M'liich  the  latter  ovulation  is  absolutely 
inslglllSauitv  If  a  ri>d  of  circulfir  ecction  be  filed  at  one  side,  all  compcment 
iiWiTlatioiu  wliich  tend  to  bend  the  rod  upon  the  tiled  fac^  arc  retarded ; 
ihoee  vhlch  nn  at  right  nngles  to  the&c  ore  uiiAlTectcd.  Tlitiu  a  rod  of  Btcel. 
gTMpsd  by  a  vice  at  a  (vantciilai*  eyol,  tuny  bu  hu  tiuiL-d  tliat  when  it  is  ml  in 
vihmfion  by  a  riolin  bow  it.a  point  may  execute  ^-ibrationa  in  direction*  at 
riKht  aiifjiea  to  each  olJicT,  and  bearing  to  each  other  any  pn^rteniiineil 
rotiu. 

Take  a  knitting-newib  ;  fix  it  in  a  nice;  niark  on  tlie  iiwille  the  height 
at  which  it  utaiidi*  in  the  vire  ;  luiuh  the  free  tip  of  the  neetlle  with  a  litUc 
yiiEii  :  wutttT  a  little  f^tnn^h  or  ]iowdered  nntimony  over  the  needle  tip  ;  come 
will  adhere,  SiippDM.*  the  ratio  desired  is  4  :  B  ;  refer  to  Pig.  38.  File  the 
rod  always  towards  one  aspect  until  the  movement  of  the  tip  of  the  rod,  aa 
revealed  by  the  brilliant  particles  of  i^taich  or  antimony,  comet  lo  prcMot  the 
curve  nought.  If  the  llling  ba^'e  beeu  carried  too  far,  a  little  metal  may  be 
nmoved  from  iho  ucfdlo  at  au  aspcjit  Ht  right  angles  to  that  of  thp  prc-vions 
operation.  If  nftt-r  a  needle  has  been  tuned  in  thia  wny,  «f>  that  it*  coni- 
poncst  ^nhmtiorip  have  been  Tcnderptl  commensiiTAt^,  it  bo  grasped  by  tht 
viec  At  a  point  a  little  above  or  below  the  oHj^in&l  {mint,  the  intervals  cease 
to  be  comnienanrnto-,  and  tlic  cur^'es  ACen  |iii.'«  throui^h  a  series  of  cliongei 
McmpUfioil  by  those  of  FiR.  41. 

A  t imiiiu-fork  or  vibrnting  reed  tna«le  l*.  write  ila  own  vibtnttoiut  on  a 
rotating  cylinder  describes  a  sinuous  curve  which  is  nliiKM't  tdeiitiutl  with  tbir 
turve  of  Kines.  This  shows  that  tlie  motion  im  pcndubu',  Ayain,  if  two 
hariiioniiiui  reedn  hnvR  their  Lipx  Hilvtrrd  so  a*  to  reflect  ti^ht,  and  if  they  be 
arranged  at  ri^ht  auglea  Ui  one  lututher  ;  and  if  a  lamp  and  lens  be  aa  placed 
that  a  beam  uE  light  faUs  drst  u[)on  one  reed-tip,  then  upon  the  other,  and 
Anally  upon  a  ncreen  ;  then  if  one  reed  be  set  in  vibration,  tlie  npot  of  light 
opens  out  inin  a  line,  whi]«  if  both  vibnitf  the  liTie  opens  out  into  some  figure 
of  the  onler  of  ilume  dhiiwii  in  Fi;;*.  35-40.  Tliis  figure  retracea  itself  and 
TCtainv  it*  form  if  the  rv-eds  be  iieGuratcly  tuned  to  an  aliquot  ratio  of 
frequencies,  while,  on  the  other  hand,  if  the  reeds  be  not  so  in  tune,  the  (tgnre 
nnciergocfi  rapid  changes — changes  painful  to  the  eye,  lut  the  ucct^mipAnying  beat* 
ore  to  the  ear. 


Rotatory  Vibration  of  Rods. — \Vlicn  a  rod  is  claniped  by  oue 

end  in  a  vice,  and  a  violiu  lx>w  drawn  rouud  it,  it  may  be  caused 
to  execute  Wbmtions  in  wUicb  it  successively  twists  and  uutwiste 
itself  round  its  own  axis;  and  it  is  found  to  do  so  witb  a  frequency 
0*6  X  tliat  of  the  longitudinal  vibrations  in  the  same  rod. 
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Vibration  of  Discs  or  Plates. — A  disc  of  metal  or  of  gloss 
may  be  caused  to  viLrato  by  means  of  a  violin  bow  drawn  across 
its  edgeB.  Tlie  fioiiit  of  sujiiHu-t  of  tha  disc  is  necessarily  a  nodal 
point;  any  nuiiiber  of  points  may  lie  suiiported  or  fixed,  and  all 
these  must  also  be  nodal  points.  Tlie  disc  or  plate  may,  under 
such  arbitrary  conditions,  adjnst  itself  so  as  to  vibrate  according 
to  circumstances  with  great  variety  of  nodal  lines  and  vibrating 
segments. 

A  disc  of  l)ra8B  or  glaaa  may  he  fixed  nt  its  centre  Id  ii  heavy  Ktunil.  If 
the  circiirofErcnce  Ix*  touched  at  any  point  while  the  whole  ia  set  in  vihration 
by  a  violin  haw,  the-  point  toiiclii^rl  will  lie  n  nudal  point  ;  the  apnt  wherR  the 
violin  bow  is  applied  ttntis  to  twcom*  tlic-  centre  of  a  loop  ;  wconling  (o  the 
relative  sitnatioiu  of  the  poinU  held  tixid  (tml  of  Ihi^  point  of  npplicAtirm  of 
th«  distarbiiig  cause,  will  vary  the  manner  and  the  pitch  of  the  resultant 
vibratuoL 

Difierent  discs  of  the  same  shape  and  \'ibratlng  in  sirailftr 

ways  liave  relative  vibrational  frequencies  varying  as   -  -  /  — ; 

the  same  law  us  liolds  good  in  the  transverse  vibration  of  bars. 

The  form  of  the  nodal  Iine«  may  be  Btudi«d  by  strewing  sand  and  lyco- 
podium  powder  upon  a  vibrating  disc  or  pUt«  :  the  wind  collect*  »n  tbv  nodal 
lini'a  ;  the  lyiiopcxlium,  hy  rcuKai  of  tliB  diHturbiinco  of  tlie  air,  is  blown 
ttiwards  thu  centra  of  each  vihratiiig  eagmcnt. 

Contiguons  sectors  are  in  opposite  phases  of  vibration.  If 
the  ear  he  placed  immetJ lately  opposite  the  centre  of  figure  of  a 
circnlar  vibrating -disc,  there  will  be  but  little  sound  heard :  the 
receding  and  the  approaching  sectors  neutraliso  each  other's  effects 
upon  the  air  and  upon  the  ear.  If  the  band  be  held  above  a 
^-ibrating  disc  so  as  partly  to  cut  off  the  effect  of  one  of  the 
sectors,  the  sound  heard  opposite  the  centre  of  the  disc  is  en- 
hanced ;  if  two  contiguous  sectoiT}  be  thus  shaded  from  hearing, 
the  sound  is,  aa  at  first,  very  feeble ;  if  two  sectors  net  contiguous 
but  vibrating  in  the  same  sense  be  thus  covered,  the  sound  pro- 
duced is  much  louder.  If  a  Koenig's  nmnocietric  capsiJe  be 
provided  with  a  tube  which  bifurcates,  and  if  the  braneli  tulles 
each  terminate  in  u  cone,  one  cnne  may  be  placet!  over  a  vibratiug 
sector,  while  the  other  may  be  moved  about  over  the  disc.  As  it 
passes  round  the  circumference  of  the  disc,  it  will  he  found  that 
the  gas-Banie  of  the  capsule  is  alternately  much  ngitiited  and 
Steady — agitated  when  both  cones  are  over  sectors  vibrating  in 
tlie  same  sense ;  steady,  or  nearly  so,  when  they  are  over  sectors 
vibrating  in  opposite  phases. 
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Vibration  of  Membrane8.^If  a  membrane  he  subject  to  a 
tension  equal  over  its  whole  circumference,  such  iia  tJiat  ot  a  drum, 
it  vibrates  as  a  whole ;  ita  higher  coinponeal  vibrations  are  not 
couiraeusurabla  with  the  slower  ones,  and  the  higher  tones  faintly 
to  be  heard  in  tlie  sound  uf  a  drum  discord  with  the  fundaineDtal 
tona 

If  the  membrane  be  not  equally  stretched  in  all  directions,  it 
will,  when  set  in  vibration,  so  arrange  itself  as  to  vibrate  feebly 
along  the  lioo  of  least  tension,  and  strongly  in  the  direction  of 
greatest  tension.  Thua  a  square  piece  of  thin  iiidiarubber,  clamped 
by  the  two  opposite  edges  and  stretched,  will  vibrate  at  the  same 
rate  as  an  indiaruhler  card  nf  tiie  same  free  length  and  exposed 
to  the  same  tension  per  unit  nf  sectional  area;  and  it  may  be 
idealised  as  a  collection  of  indiarnbber  cords,  arranged  side  by 
side,  attaclii'il  tn  each  other,  and  vibrating  in  unison. 

Vibration  of  Bells. — -A  bell-shaped  body,  set  in  motioQ  by 
being  struck,  or  by  being  rubbed  with  the  resined  or  wetted  finger 
carried  round  the  circumfereuce,  enters  into  vibration  simul- 
taueoiLsly  radial  and  taogeiitial.  Tlie  bell  divides  into  an  even 
number  of  sectors  ;  of  these  oue  half  dilate,  while  the  ottier  half 
(individually  alternating  with  the  former)  contract  radially.  At 
the  same  time  sectors  of  the  bell,  moving  tongcntially,  twist  to 
and  fro  roiuid  the  axis  of  the  bell ;  alternate  sectors  are  opposed 
to  one  another  in  thw  direction  of  their  twist;  hence  at  some  of 
the  nodes  which  sepurat'C  the  sectors  there  is  compression,  at 
others  dilatation  of  the  substance  of  the  bell.  The  loops  of  the 
radial  motion  are  the  nodes  of  the  tangential  motion ;  thus  where 
there  ia  least  eipaosion  or  contraction  there  is  the  greatest  amount 
of  twist  In  the  circumference  of  a  vibrating  bell  there  are 
generally  four  loups  corresponding  to  each  ^notion. 

The  effect  of  loading  a  vibrating  body  is  to  lower  its  pitch ; 
if  the  load  be  distributed  uniformly,  all  the  components  are 
lowered ;  if  it  be  suspended  from  points  of  the  vibrating  body, 
tlioae  component  vibrations,  if  any  there  be,  which  have  their 
nodes  at  tliosc  points  remain  unaffected. 


The  preceding  propositions  have  related  to  the  vibratioiis  into 
which  a  body  may  enter  when  it  is  disturbed  and  then  left  to 
itself.  The  vibration  in  such  cases  is  called  fro:  vibration,  the 
period  of  which  depends  on  tlio  nature  and  the  form  of  the 
vibrating  body  itself  If  a  boily  capable  of  vibration  be  acted 
upon  by  a  series  of  impulses  ah  cxUrao,  the  result  depends  upon 
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the  period  of  recurrence  of  these  impulses.  These  may  be  m 
timed  as  to  aid  tlie  natural  free  vibmtious  of  the  body,  adding 
energy,  and  therefore  increasing  the  amplitude  at  every  oscillation ; 
or  they  may  bo  so  timed  as  sometimes  to  aid,  sometimes  to  thwart 
the  natural  oscillations,  and  thus  to  produce,  oa  the  wliole,  no 
effect  so  far  as  concerns  the  amplitude  of  these.  In  the  former 
case  the  interval  between,  two  successive  impulses  «6  extcrno  is 
equal  to  the  period  of  the  natural  vibration ;  while,  when  tliis 
interval  difl'ers  materially  from  the  period  of  the  free  vibration, 
tlie  amplitude  of  Wbratiou  is  not  increased,  but  tlic  cuergj*  cna- 
muuicuted  in  the  successive  impulses  is  dissipated  in  heat. 

A  heavy  bell  hits  a  natural  period  of  IA^^d^Ia^  awing,  and  if 
a  person  gently  pull  the  betl-rope,  a  very  slight  swing  may  be 
obtained,  perhaps  barely  perceptible.  If  the  pull  be  repeated 
while  the  rope  is  tending  tfl  slacken  in  the  ringer's  hoiid,  the 
original  Bmall  swing  is  increased,  perhaps  doubled ;  a  succession 
of  well-timed  pulls  causes  ultimately  a  wide  oscillation  of  the 
bell ;  and  when  the  bell  has  been  set  fairly  ringing  the  amplitude 
of  the  oscillation  is  kept  up,  and  all  loss  of  energy  replaced  by  a 
aeries  of  well-timed  impulses.  If,  however,  the  impulses  be  so 
timed  that  they  sometimes  act  in  favour  of  the  oscillations  of  the 
bell,  and  are  sometimes  delivered  against  a  tightening  rope,  Ib^ 
bell  will  either  not  ring  at  all  or  will  do  so  very  irregularly. 

If  a  body  capable  of  fteely  vibrating  with  »  oscillations  per 
second  be  plactHl  iu  material  communication  with  a  body  actually 
vibrating  n  times  per  secund.  the  former  will  take  up  energy  and 
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enter  into  vibration.      If  a  cylinder 

AB  be  fixed  at  the  extremity  of  the 

rod  CD;  if  another  cylinder  KK  ol 

like  material  and  dimenaiona  bo  fixed 

at  the  other  end  of  CD ;  and  if  AH 

be  set  in  longitudinal  vibration, — 

then  EF  will  be  set  in  vibration  of  equal  ptyiod.      Hcri;  ii  must 

be  observed — (1)  that  expansion  of  AB  occurs  at  the  same  time 

with  compression  of  EF,  and  vice  vcrsd;  and  (2)  that  the  centre 

of  mass  of  the  whole  system  remains  unchanged  in  ita  position. 

Two  op^an-pipes  of  exactly  the  same  pitch,  mounted  on  tlie 
Bame  wind-chest,  may  fall  into  a  similar  opposition  of  phase,  and 
retain  it  for  long  periods  of  time :  as  long  as  they  do  this,  tltey 
can  together  emit  but  little  sound,  and  the  sound  produced  is 
rendered  louder  by  silencing  oue  of  the  pipes. 

Two  similar  strings  of  equal  length  equally  stretched  over 
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the  same  solid  framework  parallel  to  ono  another,  will  so  adjust 
their  vibratioDs  as  aimultaucously  to  approach  or  to  diverge  from 
one  another. 

A  tuning-fork  may  be  regarded  as  made  up  of  two  i-ods 
concected  witli  a  couinion  basis ;  the  prong's  yimiiltanetmsly 
approach  and  diverge  from  one  another  when  the  fork  is  in 
vibration. 

Two  clocks  which  keep  good  time  together  beat,  when  placed 
on  the  same  table,  synchronously. 

A  tuning-fork  can  be  set  in  vibration  by-another  tuning-fork 
of  exactly  the  same  pitch  vibrating  within  the  same  room. 
The  material  communication  between  the  two  forks  is  effected  by 
the  air ;  the  sounding-fork  causes  waves  in  the  air ;  these  cause 
well-timed  impulses  ayainst  the  second  fork ;  the  eflect  of  these 
ia  cumulative,  and  the  second  fork  takes  up  the  vibration  of  the 
first. 

In  the  same  way  a  mass  of  air  in  a  vessel  or  Qask,  since  it 
has  a  natural  pwicid  of  vibration,  may,  if  air-waves  dash  against 
the  open  month  of  the  veseel  at  such  intervals  as  correspond  to 
its  natural  vibration,  bo  oaiiBed  by  the  accumulated  eEfect  of  these 
waves  to  enter  into  violent  oscillatiou.  Tliis  principle  we  have 
seen  made  uac  of  in  resonators  ;  and  from  the  analogy  of  these  in- 
struments all  phenomena  of  this  kind  may  bo  called  phenomena 
of  Besonance  ;  the  law  of  which  is.  that  any  undulation  or  Wbra- 
tiou  is  takeu  up — its  energy  is  absorbed — by  any  body  capable 
of  freely  vibratiny  synchronously  with  it,  free  to  do  so,  and  exposed 
to  its  periodic  impulses.  If  the  undulation  or  vibration  which 
concusses  the  vibratile  body  be  complex-harmonic,  those  com- 
Iioneuts  only  which  coirespoud  to  the  natural  period  of  the 
vibratilu  body  are  taken  up  by  tliat  body.  On  this  principle 
resonators  are  used  to  detect  the  higher  comjxuiieuts  of  a  complex 
sound. 

Forced  Vibrations. — ^Under  certain  circumstances  a  vibmtile 
body  may  be  compeUed  to  anrrender  ita  owu  preference  for  a 
particular  mode  of  Wbration,  and  to  vibrate  with  more  or  loss 
accuracy  in  an  arbitrary  manner  imposed  upon  it  by  external 
force. 

Huyghens  discovered  that  two  clocks  which  did  not  keep 
time  separately,  kept  time  together  when  placed  on  the  same 
table ;  the  more  rapid  clock  forced  up  the  speed  of  the  slower 
one  while  it  was  itself  delayed.  Two  prongs  of  a  txming-fork, 
slightly  unequal  in  size,  will  force  one  another  to  agree  in  their 
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periods  of  vibration.  If  the  one  prong  be  powerfully  pulled  to 
and  fro  by  lui  exterual  mechauism  so  predoiuinant  tliat  ita  period 
canuot  be  altered  by  any  resistance  offered  by  the  fork,  the  fork 
as  a  whole  will  be  forced  to  vibrate  at  a  rate  determined  by  the 
exterior  mechanism  or  outside  force;  and  it  will  moiutaiE  this 
rate  as  long  as  it  ia  compelled  to  do  so. but  no  longer;  this  being 
tlie  case  of  a  tuning-fork  controlled  by  an  electraraagnetic  inter- 
rupter, which  ia  found  to  return  to  its  normal  rate  of  vibration 
OS  soon  aa  tlio  electric  current  cmse.'^.  The  nean^r  the  rate  of  the 
forced  vibration  is  to  the  rate  of  the  free  vibration  of  the  fork, 
the  wider  is  the  oscillatiou. 

A  resonating  chamber  of  air  will  also  on  the  same  principle 
resoimd  to  some  extent  under  the  influence  of  a  tuning-fork  of 
pitch  slightly  differing  from  its  own  natural  pitch.  Here  we 
observe  that  a  steel  fork  can  force  the  leas  massive  air  slightly 
to  alter  the  period  of  its  vibration ;  towards  the  end  of  each 
swing  of  the  particles  of  the  air,  they  are  in  very  slow  motion, 
and  can  with,  comparative  ease  be  constrained  to  shorten  or  to 
prolong  the  period  of  their  oscillation.  Air-waves,  on  the  other 
hand,  cannot  force  a  massive  tuning-fork  in  this  way,  and  in 
order  that  a  tuning-fork  may  take  up  a  vibration  conveyed  to  it 
through  air,  the  vibration  of  the  primary  simnding-Viody  must  ba  in 
exact  unison  with  the  free  vibration  of  the  tuning-fork  acted  upon. 

There  ia  difficulty  in  cinifltpaining  a  dunnor  Bohgtaniw  t"  Like  up  a  vihra- 
tinn  commtmicalPfl  to  it  by  n  rarer  nnp.  The  mechnnical  aption  of  the  ear 
involves,  howovtr,  a  prnMem  nf  ihU  kind  ;  air-waw-i  have  1«  b^  f.nm- 
municntct)  to  the  ^Kuslt  iwniuj-or^tmii ;  imd  thia  in  cR'i:«:tcd  by  liiminiithin^ 
tlicir  iiiupUtudc  and  cotutcquisntly  uicr«a»iiig  the  force  of  their  iinpidsc — a 
principle  now  Euuiliar  to  us. 

Perhaps  the  Ijest  examples  of  liodios  which  can  lie  forced  into 
vibrations  of  any  peritKl  are  found  among  wembranca;  to  some 
degree  of  amplitude  auy  period  of  vibration  can  be  forced  upon  a 
membrane,  though  all  BLretched  membranes — as,  e.ff.,  the  orches- 
tral tlrum — have  natural  periods  of  free  vibration  which  can  bo 
moditicd  by  varying  the  tension.  If  a  vibratile  body  which  has 
a  natural  period  of  vibration  be  concussed  by  an  external  Fourier- 
motion,  the  n»ultaut  forced- molioti  of  the  vibratile  body  will  atiU 
be  Fourier-motion ;  but  those  components  of  the  original  motion 
which  nearly  coincide  with  the  natural  oscillations  of  the  iHbra- 
tile  body  will  be  represented  in  the  tesulUint  forced  complex- 
vibration  by  components  proportionately  exaggerated — a  principle 
we  have  already  seen  to  affect  the  working  of  the  Phonograph. 

2  o 
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If  a  Tnembrane  be  of  nneqnal  width  and  be  stretched  in  one 
direction,  a  forced  vibration  imposed  upon  it  will  affect  only 
certain  parts  of  its  area.     In  Fig.  148  ABC  is  a  membrane. 

Tig.ua. 


triangular  in  form  and  exposed  to  a  tension  parallel  to  CB. 
Consider  a  single  very  narrow  strip,  r/,  of  this  membrane  ^ 
imaf^nc  it  to  be  isolated  from  the  rest  of  the  membrane.  Snch 
a  strip  would  have  a  certain  length,  thickness,  tension,  density ; 
it  would  therefore,  if  it  entered  alone  into  transversal  vibrations, 
produce  a  not«  of  a  certain  definite  pitch.  Let  that  note  be 
sounded  in  the  neighbourhood  of  the  membrane ;  the  membrane 
will  vibrate  strongly  at  ef,  the  disturbance  rapidly  shading  off 
into  rest  on  either  side  of  ef;  and,  further,  there  will  bo  some 
disturbance  in  those  parts  of  tlie  membrane  wliose  length  is  2r/, 
Zef,  and  so  forth.  Each  external  sound  is  rcspouded  to  by  a 
different  part  of  the  membrane,  which  plays  the  part  for  the  time 
being  of  an  imperfectly-Isolated  striu}^.  At  right  angles  to  the 
direction  of  tension  there  is  but  little  vibration. 

If  the  exl-emal  sound  be  complex,  several  such  strips  are  set 
in  motion. 

Knsical  Instruments.— For  the  ends  of  musical  art  it  is 
necessary  that  the  vibraLing  body  used  as  the  source  of  sound 
should  be  capable,  at  the  will  of  the  performer,  of  producing 
several  sounds.  In  the  old  Russian  horn-bands  each  player  had 
only  one  sound  at  his  disposal,  and  by  dint  of  practice  and  drill 
learned  to  produce  his  solitary  note  at  the  right  instant;  but  this 
kind  of  orchestral  music  is  quite  exceptional 

We  have  already  seen  that  all  the  notes  of  the  scale  may  be 
produced  on  the  monochord  by  varying  the  length  of  the  free 
vibrating  part  of  the  etring. 
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Some  Btringed  instruments — tlic  Lyre,  the  Harp,  the  Violin, 
fltc,,  wJicn  played  pizzicato,  the  Belujo,  the  Cluitor — are  played  by 
plucking  the  strings.  In  some  cases — tlie  Lyre,  the  Harp — the 
number  of  sounds  which  can  be  produced  is  limited  by  the 
number  of  strings  present ;  in  others — the  Banjo,  the  Guitar — 
each  stiing  is  made  to  produce  a  number  of  sounds  which  dejiend 
upon  the  number  of  frets  by  which  the  fiuger  of  the  executant  is 
[guided  in  shortening  the  string ;  iu  instruments  of  the  VioHu 
class  there  is  no  mechanical  aid  to  the  performer's  fingers,  aud  he 
is  left  to  liis  own  judgment  as  to  the  precise  amount  by  which 
any  giveu  string  should  Ije  shortened  in  order  that  it  may  emit 
the  particular  sound  of  which  he  has  already  £ormed  a  ineutal 
idea.  All  these  instruments  are  provided  with  sounding  boards 
which  increase  the  sarface  by  which  vibrations  are  comuiimicated 
to  tlie  air;  and  when  their  strings  are  plucked,  the  sound  pro- 
ducftd  is  of  short  duration  and  rich  in  high  harmonica,  poor  in 
lower  ones. 

The  strings  of  the  Harpsichord  were  plucked  by  quills  which 
were  actuated  by  hammers.  Tlie  sound  was  poor  in  quality, 
being  feeble  in  the  fundamental  tone  and  disproportionately 
strong  in  the  higher  harmonica;  and  it  was  feeble  in  intensity 
as  compared  with  the  pizzicato  notes  of  a  violin,  because  tlie 
sounding- hoard  was  wanting  in  flexibility  aud  had  Lttle  effect  on 
the  air. 

The  Pianoforte  contains  very  strong  wire  tightly  stressed ; 
the  total  stress  on  a  Broadwood  grand  pianoforte  exceeds  35,000 
lbs.;  that  on  a  Steinway  is  72,000  lbs.;  whence  the  modem 
pianoforte  ia,  as  regards  its  fmmework,  iioccsaarily  a  very  much 
more  massive  instrument  than  its  predecesaora.  The  longer  the 
string  corresponding  to  a  given  note,  and  the  greater  the  tension 
upon  it,  the  more  precisely  will  the  harmonic  tones  be  in  tune 
with  the  fundamental,  and  the  fuller  and  richer  will  be  the  sound 
produced.  The  sound  of  a  pianoforte  string  struck  in  the  usual 
way  Ls  rich  iu  harmonics  up  to  the  sixth ;  the  seventh  is  pur- 
posely prevented  by  the  choice  of  the  spot  at  which  the  hammer 
strikes ;  the  eighth  and  those  beyond  are  feebly  represented. 
The  sounds  of  the  higher  strings  approximate  in  character  to 
pure  tones.  The  compass  of  the  modern  pianoforte  is  from 
A^(  =  27-1875)  in  the  tlurty-two-feet  octavo  to  fi""(  =  3480),or 
even  to  c""'(=  4170),  the  sound  of  an  orgau-pipe  an  ineh-and-a- 
half  long. 

In   a  vibraltng  pianoforte  •  string   tboae   componenta   duappear   whose 
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period*  ore  |,  |,  ^,  etc  of  tbc  period  of  contact  botwenn  tlic  hommi 
ani^  the  irtring.     Hence  the  ^-aryinK  finalit7  of  Uine  obtained  from  the  Mime' 
BtririR  by  haianicrs  of  ditTi;r<;nt  degrees  of  r«poIr  or  vftrying  in  the  hardnos 
or   uloatic   softnc^ss   of  thu   Icntht-r,    or   by  HLrikinf;   the.'  ])iaiinfort«  ko)'s   in 
different  ways.     The  slower  the  atrokL,  the  longer  the  contact,  tho  greater 
the  diMt3>]jeiLtuiice  of  higWr  liarmanicA. 

The  Violin,  whose  stringg  are  tuned  to  V»  ^^'  **'<  *">  ^^^  ■ 
compass  ranging  from  V  to  abowt  e"" ;  the  Viola  is  tuned  to  V,  \/, 
^ri'.  a' ;  the  Vioioucello  is  tuued  to  *C,  'G.  V,  a  ;  the  Double-ba&s 
ia  tuned  to  A^^,  'D^,  ^G^ ;  theso  iustrumeuts  give  the  striugs  of  the 
orchestra  an  aggregate  compass  of  from  A^^  to  about  «"",  or  nearly 
8UVUU  octaves.  lu  the  Violin  three  strings  are  of  catgut ;  their 
pitch  dependu  upuu  their  thickness  ;  the  fourth  string  is  weighted-i 
by  a  spiral  uf  silver  wire — aa  arrangement  which  to  a  great  degree 
obviates  rigidity.  The  belly  of  the  violin  acts  as  a  sounding 
booid.  The  air  in  the  cavity  aids  in  tho  resonance  and  improves 
the  tone,  for  it  is  easily  forced  to  take  up  the  vibrations  of  the 
solid  parts  of  the  instrument,  especially  those  component  vibrationa 
which  arc  already  the  most  prominent ;  and  this  action  of  the 
internal  air  is  important,  as  may  be  found  on  covering  the /'boles 
with  tissne  paper,  for  then  the  tone  of  the  instrument  is  materially 
deteriorated.  The  quality  of  tlie  tone  is  found  also  to  dejiend 
gix*atly  upott  the  empixical  form  of  the  bridge. 

Transverse  viWatious  of  reeds  are  utilised  in  tlie  Musical  Box: 
rceds  of  various  lengths  are  struck,  vibrate  in  the  free  air,  and 
produce  sound  of  little  iutensiLy.  In  the  Harmoninni  and  Con* 
certina  the  passage  of  air  from  a  bellow.^  into  a  resonating  air- 
chamber  ia  obstructed  by  reeds,  which  almost  completely  close 
the  air  pasai^je.  Tho  preaiure  accumulates  and  bends  the  reed  ; 
tlie  air  I'.'icapes  and  the  prnssun^  is  relieved;  the  reed  rcturrw  and 
swings  past  its  mean  position,  again  to  he  driven  outwards.  The 
vibration  of  such  reeds  contain  as  barmomcs  tones  bearing  to  the 
fundamental  the  ratios  -I-,  ^,^.  etc.  Such  reeds  vibrating  in  the 
open  air  produce  very  little  sound :  the  air  of  the  resonating 
cavity  acts  as  iutermediarj',  and  communicates  the  vibration  by  a 
broader  surface  to  the  external  air. 

In  Mr.  Baillie  Hamilton's  String-organ  very  various  qualities 
of  rich  and  full  tone  are  produced  by  connecting  in  various  ways 
a  vibrating  reed  with  a  .string  etretched  over  a  sounding-board. 

In  reed  organ-pipes  a  reed  vibratos  at  the  bottom  of  a  tube, 
the  cavity  of  which  it  alternately  opens  to  and  closes  against  the 
access  of  air  from  tho  wind-chest :  the  air  in  the  cavity  of  the 
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orgau-pipe  reBounda  to  the  vibration  of  the  reed,  and  does  this 
most  loudly  when  its  own  nat;iral  pitch  coincides  with  the  pitch 
of  the  reed.  The  Clarionet,  the  Oboe,  the  Bassoon,  are  instmmonta 
of  this  order ;  in  them  as  in  the  organ-pipe  the  rccd  must  be  cut 
to  a  proper  size :  but  each  can  produce  several  tones,  for  Uie 
vibration  of  a  reed  made  of  cane  is  wore  irregular  than  that  of  a 
nietal  reed,  and  aa  the  size  of  the  resonating  air-cavity  can  be 
altered  by  manipulating  the  finger-holes  and  keys,  to  each  altered 
size  of  the  resonating  cavity  corresponds  a  differ^^nt  note  or  com- 
ponent of  the  motion  of  the  reed,  which  the  tube  ia  capable  of 
selecting,  and  to  which  it  resounds. 

In  the  ordinary  Organ-pipe  a  sheet  nf  nir  is  blown  across  the 
etnbouckuTC  vf  the  jjiiKj.  and  vibrates  like  an  invisible  reed  just 
outside  the  pipe :  Uie  air  inside  is  set  in  vibration.  The  pitch 
of  the  sound  produced  by  it  is  not  so  high  as  we  might  he  led  to 
infer  from  the  dimensions  of  the  column  of  air  in  the  pipe,  its 
elasticity,  and  its  density  alone :  the  reason  is  that  the  column  of 
air  in  the  pipe  is  not  an  isolated  mass  of  air.  Wliile  vibratin^^ 
it  has  at  its  extremity  to  thrust  aside  tlie  surrounding  air  at  Ciwh 
expansion ;  the  inertia  of  the  surrounding  air  hampers  the  vibra- 
tion, and,  as  it  were,  loads  and  retfirds  the  vibrating  column. 

Nodes  in  an  organ-pipe  may  be  demonstrated  by  Koenig's 
itianometric  capsules  attached  to  the  sides  of  the  pipe.  Near 
the  centre  of  an  open  pipe  there  is  a  node,  a  maximum  of  varia- 
tion of  density,  and  hence  the  air  at  the  node  is  alternately 
squeezed  together  and  relaxed,  the  membrane  of  the  manometric 
capsule  placed  at  the  node  will  vibrate,  and  the  flame  will  either 
be  extiuguiahed  or  will  present  variations  of  height. 

If  an  organ-pipe  be  strongly  blown,  the  sound  will  rise 
slightly :  if  the  force  of  the  current  exceed  a  certain  amount,  the 
sound  suddenly  breaks  into  the  upper  octave — a  phenomenon 
familiar  to  flute-players — and  near  the  centre  of  the  pipe  is  now 
a  loop,  while  there  are  now  two  nodes.  Hence,  in  a  pipe  so  over- 
blown, the  manometric  capsule  fixed  at  a  point  near  the  centre 
almost  ceases  to  indicate  variations  of  density,  and  the  flame 
remains  almost  steady ;  never  absolutely  so  in  practice,  for  there 
is  not  even  any  one  point  at  the  centre  of  any  loop  at  which  all 
variations  of  pressure  entirely  vanish. 

If  a  pipe  be  lilled  with  hydrogen  the  sound  produced  is 
nearly   two   octaves   above   that   produced   by  air  at  the   same 


tempemture;  for  the  velocity  of  the  sound-waves  ia 
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K  is   tbe   same  in  all  gases,  aad   iu   the   case   of  faydiogea 

-      ^ 
''  ~  14-47 


X  the  denaily  of  air ;  whence  the  frequency  of  vibra- 


tion  in  hydrogen  is  to  that  in  air  as  1  :  v^l4"47  =  1  :  3'8021 
or  ::  C:'6+. 

Tf  the   barometric   presanro   vary,   the   pitch   w   unaffected : 

for  Kf  —  =  */      i  **"!*  ^^  density  a  increases  or  diniinishea 

pari  passu  with  the  pressure  p :  thus  —  is  conataiit,  the  velocity 

P 
i3  constant,  and  the  pitch  is  constant. 

If  the  temperature  9  vary,  the  ratio  of  K  to  p  is  disturbed. 

pv  »  0:  pv  =1  —;  whenco  —  «  tf  aud  velocity  =  */  —  «  \/$, 

P  P  ^    P 

The  pitdi  varies  as  the  square  root  of  the  absolute  tempcratui-c. 
A  pipe  which  gives  a  sound  a  —  43.'J  at  the  temperature  of  10° 
C,  will  vibrato  446'70  tinift*j  per  second  at  the  temperature  of 
25*  C.  (As  v/283:  'v/298  ::  435 :  446-79):  the  pitch  is  thus 
sharpened  iu  the  ratio  1 : 1-027105,  or  more  than  two  amunas ; 
while  the  reeda  are  affecteil  to  a  very  much  leas  degree,  and  thus 
an  organ  tuned  in  a  cool  room  becomes  discordantly  out  of  tune 
with  itself  when  the  room  becomes  warm. 


Prohlnn. 

Of  whiit  length  ahouW  oil  organ^pi'iMj  bo  which  snun^s  C^  at  0'  P.  and 
760  luEii.  bar.  prtasurw  1     C   =  64  vibrations. 


X  =  1      /^=  1      /l^LMfAili?!  =  518-2  ccnti.,.ctn». 

A  pipe  of  tbifl  lengtli  really  (jivcs  a  sound  Bomewbat  lovrer  than  C, ;  th« 
wider  the  pipe  the  lowtr  the  pitck  A  C^-pipe  in  coU&d  a  16-foot  pipe, 
though  really  nomcwhat  lon^r. 

The  common  Flute,  the  Fife,  the  Piccolo,  the  Flageolette,  are 
moditieatious  of  the  open  organ-pipe :  the  size  of  the  vibrating 
column  of  air  is  altered  in  these  instrumeuts  by  opening  or 
closing  lateral  apertures.  Iu  the  Hageolelte  the  mouthpiece  ia 
so  constructed  that  the  stream  of  air  cannot  but  pass  in  the 
direction  empirically  fouud  to  produce  the  best  sound :  in  the 
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Flute,  Fife,  and  Piccolo  the  direction  oftlio  excitinj;  stream  of  air, 
and  to  some  extent  tlie  coirusponding  quality  of  tone,  and  even 
tlie  pitcli,  are  under  the  control  of  the  jilayer. 

Brass  instnitn'entfi  vary  iu  shape  from  ttie  liugle  (conioal 
from  mouthpiece  to  bell)  to  the  Trumpet  (slowly-widening  tube 
and  suddenly -widening  hell),  with  the  intermediate  forms,  the 
Comet  and  the  French  Horn.  The  lips  of  the  player  are  mode 
to  vibrate  :  the  ca\-ity  of  tho  instruracnt  resounds.  The  scale  of 
the  instrument  is  confined  to  harmnnies.  which  are  obtained  by 
varying;  the  method  and  force  of  blowing  and  the  tension  of  the 
lips;  but  since  the  size  of  the  cavity  of  the  instrument  may  be 
modified,  any  note  of  the  scale  within  the  compass  of  the  instru- 
ment may  be  brought  in  as  a  banuonic  of  some  fundamental 
note.  The  size  of  the  cavity  may  b«  modified  by  slides,  as  in 
Trombones — instruments  which  are  capable  of  givin^j  pure  inton- 
ation ;  by  pistons  which  longtlien  the  tube  by  predetermined 
amounts,  as  in  the  Cornet  and  Cornopean,  the  Eu[ihi)uiuni,  and 
Bombardon;  by  levers  wliich  shorten  the  tube, as  in  tlie  Ophicleide. 
In  some  cases,  however,  as  in  the  French  Horn  and  Trumpet,  the 
inBtrument  is  confiueil  to  one  note  and  its  harmonics ;  but  its 
cavity  may  be  altered  in  size  by  the  addition  of  additional  pieces 
of  tubing  or  "crooks."  whose  dimensions  are  so  adjusted  as  to 
cause  the  fundamental  tone  of  the  instrument  to  change  by  an 
interval  predetermined  for  each  crook ;  and  the  note  produced 
may  be  to  some  extent  modified  both  iu  pitch  and  ia  quality  by 
the  action  of  the  lips,  and  of  the  right  hand  placed  iu  the  bell  or 
tlte  open  mouth  of  the  iustrmueut. 

The  pitch  of  these  inalramects  is  that  of  an  open  pipe;. 
Their  tune  is  rich  in  quality  and  full  of  high  harmonics;  and 
though  we  are  inclined  to  associate  their  peculiar  quality  with 
metal,  it  depends  only  on  the  form  of  the  internal  cavity  and  of 
the  hell  month,  not  on  the  material  of  the  walls  of  the  instrument, 
provided  that  these  be  ri;^id.  A  comet  sound  will  be  produced 
by  a  cornet-shaped  tube  of  guttapercha  if  the  tube  be  so  thick  as 
to  be  rigid. 

Stopped  Organ-Pipes. — A  longitudinal  column  of  air  steadied 
at  one  cud  should  vibrate  at  one  half  the  rate  of  a  column  free 
to  expand  at  both  ends  ;  but  a  stopped  oi^n-pipe  does  not  give, 
as  this  rule  would  indicate,  the  octave  of  the  open  pipe  of  the 
same  length,  but  its  seventh,  or  even  its  minor  seventh.  When 
overblown  it  breaks  into  hiirmonics  iu  the  same  way  as  an  open 
pipe  does. 
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Other  Sources  of  Sound  ~Singin|r  and  Senutive  Flames. 

— A  tube  tennioating  in  a  blowpipti-uoz/Je  is  couuected  with 
the  gas  supply :  the  gas  is  igait4>d  at  the  nuzzle,  and  a  small 
flame  is  thus  produced.  This  flame  lb  slowly  passed  up  a  wide 
glass  tube,  such  aa  aa  Argand  Innip- cylinder.  At  some  particular 
position  in  tlio  tulic  the  flame  altcn;  it-s  character  and  begins  to 
sound  forth  a  note  somewhat  higher  ttian  the  natural  note  (in 
oool  air)  of  tlie  tube  itself;  or,  should  it  not  spontaneously  burst 
into  song,  it  itiay  be  induced  to  do  no  by  singing  to  il  a  note 
whose  pitch  is  nearly  that  which  it  will  emit  when  in  action. 
When  the  action  has  commenced,  the  flame  is  found,  as  by 
observation  with  a  rotating  mirror,  to  be  alternately  extinguished 
and  rekindled ;  its  image  appears  to  he  broken  up  into  separate 
beads.  A  flame  of  hydrogen  is  prompter  in  its  action  than  a 
flame  of  coal  gas ;  for  it  excites  more  disturbance  in  the  columu 
of  cool  air  surruunding  it.  When  the  action  has  commenced, 
the  vibrations  of  the  Same  and  of  the  column  of  air  react  on  one 
another. 

The  flame  must  be  of  a  certain  height  adapted  to  each  size  of 
tube.  If  the  apparatus  bo  arranged  so  that  the  flame  stands 
about  onQ-c]uartcr  up  the  tube,  and  if  the  height  of  the  flame  be 
carefully  altered  by  slowly  turning  the  controlling  gas-tap,  it  will 
be  found  that  at  a  cerUvin  deJinite  height  of  flame  the  action  will 
spontaneously  commence,  doing  so  with  small  initial  intensity, 
while,  when  the  gas-flame  is  lowered  to  one-half  of  this  eflcctive 
height,  the  sound  breaks  into  the  octave  above. 

When  a  jet  of  gas  is  allowed  to  flow  vertically  upwards  under 
a  pressure  of  about  ^  inch  of  water,  through  n  fine  vertical-jet, 
above  which  a  sheet  of  fine  wirfr^auze  ig  arranged  horizontally 
at  a  distauce  of  about  2  inches,  the  gas  may  be  lit  on  the  upper 
side  of  the  wire  gauze,  through  which  the  flame  will  not  descend. 
The  distauce  of  the  jet  from  tlie  gauze  may  be  so  adjusted  that 
the  flame  is  yellow  at  the  tip,  and  at  the  tip  only.  The  flame  is 
now  a  sensitive  flame,  and  responds  by  sinking  down  to  the 
gauze  when  suiuid-waves  strike  it.  If  it  be  surroimded  by  a 
wide  tube  it  will  sing  spoutaneonaly.  If,  while  the  flame  is  bo 
surrounded,  the  gas  be  turned  down  until  the  singing  just  ceases, 
the  flame  becomes  extraordinarily  sensitive  to  all  very  high  sounds, 
such  as  hissing,  tho  rattling  of  keys,  etc,  and  it  sings  loudly  as 
long  aa  these  stimuli  arc  maintained.  A  simple  flame  issuing 
from  an  exceedingly  narrow  steatite-burner,  under  a  veiy  great 
pressure  of  gas  ("  1 0  inches  of  water  "),  is  sensitive  to  sounds  too 
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acute  to  be  perceptible  to  tlie  human  ear;  it  alters  ita  fonn 
under  their  intlucnce. 

Trevelyan'fl  Rocker. — A  mass  of  leiul  bo  stmped  as  Ui  re^t 
upon  two  long  but  very  narrow  linear  feet  Placed  iipim  u  hot 
body,  the  points  of  contact  of  the  rocker  with  the  liot  body  are 
suddenly  expanded  by  heat ;  the  rocker  is  jerked  upwards ; 
before  it  has  fallen  hack,  the  heated  points  have  cooled  and  re- 
turned to  their  normal  dimensions.  The  process  is  repeated. 
The  whale  oscillates  rapidly  and  makes  a  humming  noise. 

Radiophouy. — When  a  beam  of  light  or  radiaiit  heat  falls 
upon  a  body  capable  of  absorbing  heat,  that  body  becomes 
warmed,  and  expands.  A  Hash  of  li<:ht  produces  au  instantaneous 
expansion,  which  immediately  dies  away.  An  iulermittent  bi.mni 
produces  a  sucueHsioit  of  expansionH  and  coiitmctions;  in  other 
words,  the  surface  of  the  body  vtbmtes.  The  amplitude  of  its 
movement  may,  with  beams  of  light  uf  moderate  intensity,  exceed 
the  ten -millionth  part  of  a  centimetre.  Lord  Kayleigh  has 
shown  that  this  amplitude  is  sufficient  for  the  production  of 
Bound ;  and  the  power  of  converting  the  energy  of  an  intermittent 
beam  of  light  or  radiant  heat  into  that  of  sound  has  been  shown 
by  Prof.  Bell,  thp-  inventor  of  the  telephone,  to  belong  to  all 
matter,  with  a  few  doubtful  exceptions. 

If  an  intermittent  beam  be  focussed  upon  a  mass  of  lamp- 
black, at  each  flash  of  light  it  becomes  wanu,  and  the  air  within 
it  is  dilated ;  if  it  be  contained  in  a  test  tube  tliu  open  end  uf 
which  is  connected  with  the  ear  by  an  iudiarubber  tube,  as  the 
successive  flashes  pnKluce  succeflsive  dilatations  and  pulses  in 
the  air,  these  pulses  ore  perceived  by  the  ear  as  sound ;  if  the 
lampblack  be  contained  within  a  resonator,  the  frequency  of 
whose  natural  vibration  is  equal  to  that  of  the  frequency  of  suc- 
cession of  the  Hashes,  the  resonator  emits  a  loud  sound,  audible 
at  a  distance. 

Froi'agation  of  Sockd. 

Propagation  of  Soxmd  occurs  in  all  elastic  media,  and  is 
effected  by  waves  of  alternate  Compression  and  Rflrefaction. 

Propagation  of  Sound  in  Solids. — Sound  being  a  vibra- 
tion is  propagated  along  the  ground ;  we  may  put  our  ears  to 
the  ground  to  listen  for  distant  railway  tmins,  distant  vehicles, 
distant  firing  or  marching.  It  is  conducted  along  wood,  as  in 
the  ordinnry  stethoscope ;  or  in  the  experiment  of  closing  the 
teeth  upon  a  long  piece  of  wood,  to  the  other  cud  of  which  an 
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assLstiiiit  holds  a  viliratinj^  tuning>fork  ;  or  of  causing  a  loo^  strip 
of  wooil  to  rest  by  oim  en<l  aj^tist  the  panel  of  a  door,  the  other 
eud  beiii^  iu  contact  with  a  vibrating  timiug-foik;, — tho  ^'ib^atioIl 
in  this  case  being  cominunicated  to  the  panel,  which  acts  as  a 
aonnding- board,  and  itself  Bounds  out  loudly.  Sonud  is  conducted 
by  wires ;  taps  on  a  telegraph  wire  are  audible  at  a  great  distance 
to  an  ear  applied  to  the  wire,  provided  that  there  be  no  interven- 
ing tunnel  or  bridge  to  form  a  resonating  cavity  and  to  absorb 
the  cner^jy  of  the  vibration.  In  the  Wire  Telephone*  the  central 
points  of  two  Rtretchcd  memhran&s  or  boards  of  thin  vood  are 
connected  hy  a  long  wire,  whidi,  if  sufficiently  heavy  and  tense, 
may  be  suspended  from  posts,  or  even  stretched  upon  carpet  or 
beut  round  coniei-s,  and  thna  serve  the  purposes  of  domestic  tele- 
graphy. Wlien  sound-waves  impinge  upon  one  membrane  of  the 
wire  telephone,  as  when  it  is  directly  spoken  at,  the  complex 
uiotlou  of  the  air  is  transferred  to  the  membrane ;  by  the  mem- 
brane it  ia  ti-ansfened  to  the  wire ;  by  the  wire  to  the  second 
membrane ;  by  that  membrane  to  the  air,  and  by  this  to  the  ear 
of  the  distant  listener.  A  slender  apparatus  of  this  kind,  consist- 
ing of  two  parchment  membranes  stretched  on  rings,  with  an 
intervening  silk  thread,  is  sold  as  a  toy  under  the  name  of  tho 
lover's  telegraph. 

Propagation  in  Liquids. — Tlivers  wWle  under  water  hear 
the  sound  of  waves  beating  against  the  shore.  A  tumbler  of 
water  standing  on  a  resonance  box,  if  the  handle  of  a  Wbrating 
tuning-fork  bo  dipped  in  the  water,  will  convey  the  vibration  to 
the  resonance  box,  the  air  iu  which  will  resound.  Au  inverted 
bell  lilled  with  water  and  set  in  vibration  will  cause  the  water 
to  assume  beautiful  wave-fonus — an  experiment  which  may  be 
performed  with  an  inverted  propagating-glasa  set  in  vibration  by 
a  wotted  finger  drawn  round  its  edge,  or  with  a  capacious  wine- 
gla.<3s  set  in  vibration  with  a  violin  bow.  In  the  latter  caAc  the 
interest  of  the  experiment  is  increased  by  substituting  for  the 
water  some  strongly -alcoholic  liquid;  the  agitation  breaks  the 
surface  of  the  liquid  into  drops  which,  by  evaporation,  lose  some 
alcohol  and  dance  on  the  surface  of  the  vibrating  liquid. 

Au  organ-pipe  may  be  blown  by  water  under  water;  the 
water  vibratos  in  the  place  of  aii. 

Propagation  in  Air  and  other  Gases. — Tn  general  sound 
travels  iu  air  in  concentric  spherical  waves.  If  it  be  restricted 
to  tuhea,  the  waves  may  become  plane -fronted. 

lliough  these  waves  are  invisiblo  their  existence  Is  beyond 
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doubt,  for  when  they  strike  any  solid  object  they  produce 
mecbamcal  effects,  and  the  phenomena  of  scmnd,  m  far  a.s  these 
depeud  upon  propagation  through  the  air,  oboy  the  laws  of  wave- 
motiou. 

Thfi  breaking  of  glass  windows  by  the  disuharge  of  artillery. 
the  destmction  of  the  dmm  of  the  ear  whiuli  has  been  known  to 
be  caused  t)y  thi;  explosion  of  dynamite,  the  destruction  of  property 
by  the  explosion  of  a  gunpowder  ma^fazine,  arc  only  exaggerated 
instances  of  that  conveyance  of  enerji;y  by  tlic  air  which  is  asso- 
ciated with  the  production  of  sound.  In  Edison's  PlionomnUir  a 
membrane  is  stretched  over  a  frame ;  at  its  pnsterior  aspect  it  is 
connected  with  a  broad  hook  which  rests  on  the  broad  mar^dn  of 
ft  heavy  wheel :  the  maiwin  of  this  wheel  is  provided  with  small 
roughneases  so  shaped  that  it  is  easy  for  the  broad  hook  to  slip 
over  them  in  one  direction,  but  in  one  direction  only  ;  on  its 
return  it  is  caught  in  the  small  teeth  and  tends  to  pull  the  wheel 
round.  The  niembrauo  is  spoken  at ;  it  trembles ;  the  hook 
catches  some  of  the  teeth ;  on  its  return  it  gives  on  impulse  to 
the  wheel ;  continuous  sound  causes  the  wheel  to  roLatrr,  and  this 
with  considerable  speed  and  p<)wer;  and  if  a  little  crank  be  tixml 
to  the  rotating  wheel,  the  energy  of  the  human  voice  may  be 
made  to  perform  obvious  mechanical  work. 

Sound-waves  in  air  are  amenable  to  the  laws  of  ordinary  tridi- 
mensional Wave-motion  already  di.scussed. 

In  Figs.  43-48  we  find  curves  whose  forms  depeml  upon  the 
assumption  that  when  two  vibrations  couciur,  the  amplitude  of  the 
resultant  is  obtained  by  addition  of  the  am^ditudes  of  the  com- 
poueuts.  To  a  lirst  approximation  tliis  is  true,  but  it  leads  to 
a  curious  result.  If  the  amplitudes  and  peiiuds  of  two  vibmtions 
be  equal,  the  resultant  vibration  (Fig.  44),  having  twice  the 
amplitude,  will  have  four  times  the  energy  of  eithiT;  the  motions 
cannot  be  so  superposed  without  a  draft  of  energy  from  else- 
where. If  two  equal  waves  arrive  In  the  same  plinsft  at  the 
entrance  of  the  same  channel,  there  is  found  to  be  reflexion  of  a 
negative  wave  from  the  mouth  of  that  channel. 

Superposition  of  vibrations  is  familiar  in  Acoustics  as  a  cause 
of  Beats.  Two  tuning-forks  or  reeds  are  brought  into  exact 
unison ;  Uiey  emit  jointly  a  smooth  sound.  Suppose  their  pitch 
to  be  c"  —  522.  Ixiad  one  with  wax  until  it  Wbratcs.  say.  521 
times  per  second.  Once  in  the  course  of  a  second  tbey  M'ill  aid 
one  another,  and  their  action  on  the  air  at  any  given  spot 
coincides ;  once  in  the  course  of  every  second  they  will  tliwart 
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oas  aaotber ;  ihdr  jotnt  eSaet  wCl  be  an  alternate  fadii^-aira] 
■od  nrdting-out  of  the  soand ;  bnt  the  pitch  of  thai  sonnd 
mil  be  52 1  ^  ribraiions  per  seooiuL  As  the  loading  of  the  one 
fotk  iocreaBea,  the  number  of  beats  increases  until  they  be- 
came too  r^nd  to  be  counted ;  bat  before  this  oocuis  the  two 
notei  hare  ceased  to  be  blended  into  one  note  of  average  pitch, 
asd  the  efleet  is  that  of  a  painful  discord. 

The  easiest  as  veil  as  the  most  accoiate  way  of  tuning  a 
f(»k  to  a  given  note  is  to  have  at  hand  a  standard  fork  which 
makes  four  vibrations  leas  per  second  than  correspond  to  that 
note;  then  adjost  the  fork  to  be  tuned  -until  it  makes  exacUy 
foar  beat-*  per  second  with  that  artificial  standard. 

Diffraction. — Sound-waves  have  in  general  the  properties 
of  waves  whose  wave-lengUi  is  not  small  in  comparison  with  the 
apertures  through  which  tliey  pass,  the  surfaces  by  which  they 
are  reflected,  or  the  obstacles  round  which  they  flow.  A  sound- 
wave coming  through  a  chink  would  suffer  great  lateral  difi>actioo, 
as  shown  in  Fig.  56 ;  and  the  effects  of  obstacles  intervening  ta 
the  |jath  of  a  wave  of  sound  may  not  be  such  as  even  to  produce ' 
a  sound-shadow.  If,  however,  the  apertures,  or  surfaces,  or 
obstacles  in  question  be  very  large  in  comparison  with  the  wave- 
length, there  may  be  true  sound-shadows  and  limited  beams  c^ 
acoustic  disturbance,  reminding  us  of  the  shadows  and  beams  of 
light  met  with  in  optica.  The  air-waves  produced  by  the  note 
C  (=  64)  have  a  length  of  (33,200  -H  64  =)  518-75  cm.,  or 
between  1 6  and  1 7  feet ;  those  produced  by  tlie  note  c"'"  have 
a  length  uf  aWut  an  inch  and  a-half.  When  a  mixture  of  long'. 
wavt»  and  ripples  strikes  an  obstacle,  the  Long  waves  may  [ 
round  it,  while  the  obstacle  may  intercept  tiie  ripples,  for  rela* 
lively  to  tliese  it  may  be  wido  enough  to  cast  a  sound-shadow. 
Thus  the  sound  of  a  brass  band  suddenly  changes  in  quality 
when  the  band  comes  round  a  comer  into  sight.  It  is  plain  that; 
for  acoustic  purposes  all  the  auditors  at  a  concert,  though  tliey  are 
not  absolutely  prevented  from  bearing  by  not  seeing  the  per- 
formers, ought  to  be  in  full  view  of  the  orchestra. 

It  sometimes  happens  that  a  person  at  the  same  level  as  a 
source  uf  sound,  and  iu  full  optical  view  of  it.  huars  nothing :  the 
sound --n'aves,  passing  through  strata  of  different  deuaity,  curve 
upwards,  and  being  verj-  broad  present  no  diffraction,  and  pass 
«iver  th<?  head  of  the  observer,  who  may  again  come  within  their 
mnt,'e  by  elevating  his  poHition. 

Reflexion  of  Sound  faUows  the  ordinary  laws  of  the  reflexion 
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of  waves.  Soum)  cau  be  reflected  by  a  mirror;  a  Mgli-pitched 
bell  ringinj];  round  tha  corner  of  a  house  cuji  be  rendered  audible 
by  a  sutticieutly- large  mirror  placed  at  a  proper  angle.  If  a 
stretched  sheet  of  tracing-paper  be  placed  at  the  same  angle  it 
will  reflect  a  proportion  of  the  sound  and  transmit  some  of  it.  A 
dry  handkerchief  will  transmit  a  conaidcrable  amount  of  sound ; 
8o  will  even  a  half-inch  layer  of  felt;  but  if  wetted  these  become 
better  reflectors,  while  they  become  almost  impervious  to  sound. 
The  reflexive  power  of  tlame  is  nearly  the  same  as  that  of  tracing 
paper ;  and  hot  air  above  a  gas-Same  cao  reflect  sound  almost  aa 
well  as  the  gas-tlamo  itself.  lu  clear  weather  the  air  is  rarely 
uniform  ;  there  are  ascending  and  deaceudiug  currents  of  hotter  and 
colder  air ;  at  each  surface  of  eacli  of  these  sound  is  partly  re- 
flected, partly  transmitted,  and  so.  ere  lou<;,  it  is  wholly  dissipated. 
Sound  is  often  heard  better  in  foggy  or  even  iji  rainy  or  snowy 
weather  than  in  clear,  for  then  thu  air  is  more  uniform.  Sound 
coming  through  a  fog  (vesicles  or  minute  drops),  or  a  shower  of 
rain,  or  a  shower  of  snow,  must  be  to  a  certain  extent  lost  by 
repeated  reflexion ;  hut  this  effect  is  often  balanced  by  tho  in- 
crease of  intensity  arising  from  the  conccntrauon  of  tho  waves  in 
the  narrowed  channels  betwcnn  the  (lrop,s  or  flakes. 

In  many  buildings  there  are  whispering  galleries  or  places 
where  a  faint  whisper  uttered  at  a  particular  spot  is  heard  at  a 
distant  part  of  the  edifice.  Tliis  phenumeuon  may  arise  in  two 
ways ; — (1)  Reflexion  from  the  vaulted  roof,  wliich  acUs  like  a  cun- 
cavB  mirror  and  causes  the  waves  received  by  it  to  converge  after 
reflexion  upon  a  particular  focus — a  phenomenon  very  common 
in  ellipsoidal  roofs,  a  whisper  uttered  at  one  focus  of  the  ellipsoid 
being  reflected  to  the  other  focus,  and  distinctly  heard  there  ;  a 
similar  phenomenou  also  occumiig  in  elliptical  rooms  where  the 
sound  IS  reflected  by  tho  M'alla:  or  (2)  by  tlie  sound  undergoing 
successive  reflexions,  and  thus  travelling  round  the  walls. 

Reflexion  of  sound  is  familiarly  illustrated  by  the  Echo. 
Sound  striking  a  broad  cllft"  or  wall  is  reflected,  the  reflected 
waves  sometime  travelling  with  singular  absence  of  difli^ction 
and  precision  of  direction.  If  a  person  can  utter  ten  syllables 
per  second,  and  if  he  speak  loudly  at  that  rate  in  presence  of  a 
clitt"  or  high  wall  directly  opposite  him  and  at  a  distance  of  1660 
cm.  (55  feet),  just  as  he  is  commencing  the  second  syllable  the 
reflected  sound  of  the  lirst  ayllablu  begtus  to  arrive  at  his  ear,  aud 
at  the  instant  when  he  ceases  to  speak  the  sound  oE  the  last 
syllabic  spoken  begins  to  be  heard ;  the  sound  traveb  to  the  clifl' 
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and  back  during  the  tenth  port  of  a  aecond.  If  the  cliff  were 
3330  cm.  distant,  the  speaker  would  hear  two  syllahles  repeated. 
When  sound  is  re-echoed  from  cliff  to  cliff,  or  to-and-fro  betwoon 
two  smooth  walls  directly  opposite  to  one  another,  the  result  may 
be  a  multiple  echo,  which  repeats  a  sound  several  times.  The 
roll  of  thunder  is  partly  due  to  multiple  reflexion  from  cloud  to 
cloud,  partly  to  the  varying  distance  of  the  points  of  disturbance, 
and  the  successive  breaking  on  the  ear  of  sound-waves  produced 
along  a  long  line. 

When  the  distance  of  the  reflecting  surface  from  the  source 
of  sound  is  too  small  to  produce  a  distinct  and  separate  echo,  the 
echo  may  be  heard  merely  as  a  reinforcement  of  Uie  sound  pro- 
duced ;  whence  the  practice  of  placing  sounding  boards  behind 
and  above  pulpitJ^  and  orchestraa 

The  action  of  the  ear-trumpet  depends,  in  the  first  place,  upon 
multiple  reflexion ;  sound-waves  on  their  arrival  are  reflected  by 
the  bell  into  the  tube ;  then  they  travel,  plane-fronted  or  nearly 
aOj  down  the  tub(^  to  the  car,  iiEurawing  in  breadth  and  increasing 
in  intensity  as  they  do  so. 

Refraction  of  Sound. — If  a  lens  be  constructed  of  two  large 
sheets  nf  calloiUon  cemented  together  at  their  edges  and  inflated 
with  carbonic  acid,  sound-waves  diverging  from  a  watch  placed  at 
one  side  of  tliis  lens  may,  after  passing  through  it,  converge  upon 
a  focus  on  the  other  side  of  it;  this  showing  that  refniction  occurs 
when  the  sound-waves  enter  the  denser  medium,  the  carbonic 
acid. 

Interference  of  Sound. — If  A  and  B  in  Fig.  75  represent 
the  position  uf  two  tuning-forks  kept  accurately  in  unison,  being 
driven  by  the  same  interrupted  electric- current,  the  car,  placed 
successively  at  a',  b',  /,  etc..  perceives  alternate  sound  and  silence. 
The  same  occurs  when  A  and  B  in  that  fig.  represent  apertures 
in  the  side  of  a  padde^l  box  within  which  an  organ-pipe  or  hell 
ia  cauflpd  to  prn(iur.e-  sound. 

Velocity  of  Sound. — There  is  but  little  information  as  to  the 
properties  of  sound-waves  travelling  in  a  substance  whose  elasticity 
is  not  the  same  in  all  directions. 

In  Scoteh  fir  the  lonf^itudiniil  propagation  U  more  rapid  thftn  that  itrron 
the  fihrcB  oV  the  wood  ia  the  ratia  of  5  ;  4  ;  hence  sound-wavw  in  tliat  wood 
trnut  be  flpheroidaL  This  in  a»:ertAiii<:d  by  ubsierviii^  tlie  furnt  uf  Ihu  nodal 
lines  in  a  vibrKtlrig  plate  of  that  wood. 

In  practice  we  meet  with  splierical  waves  such  as  those 
the  air,  and  plane-fronted  waves  such  as  those  which  run  along 
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wires.     In  general  the  propagation  of  sniind  is  amenable  to  the 

law  w  cc  v  —  ■    Wliere  the  compression  produced  by  the  wave  as 

P 
it  ruas  has  little  or  no  effect  upon  the  temperature  of  the 

mediiuo,  oa  in  the  cose  of  solids  and  liquids,  the  velocity  of 
sound  is  appreciably  equal  to  ^-  K-^p;  where  heat  is  developed 
by  the  coniprussiou,  as  in  gases,  and  the  heat  so  didVcluped  has  no 
liuie  to  be  appreciably  conducted  or  radiated  away  from  the  com- 
preased  part  of  the  wave,  the  velocity  of  sound  is  equal  to 
*^kK  -T-  p,  where  k  is  the  ratio  between  the  two  specific  heats. 

The  velocity  of  sound  in  Solids  may  be  found  by  determining 
the  pitch  of  longitudiual  vibrations  set  up  in  long^  thin  rods.    The 

length  of  the  rod  is  half  a  wave-length,  — ;  the  pitch  gives  n,  tiio 

number  of  vibrations  per  second  ;  the  equation  v  =  n\  gives  the 
velocity  of  sound  in  cm.  per  second. 

The  velocity  of  sound  in  Liquids  may  be  determined  by  direct 
experiment,  as  by  sounding  a  bell  under  water,  and  by  listening 
at  a  distant  station  for  the  arrival  of  the  sound,  the  precise 
instant  of  tlie  production  of  which  is  signalled;  or  by  comparing 
the  pitch  of  organ-pipes  blown  in  different  liquiiJs. 

Thf  formula  w  =      /  —  gi%-e8   for    w«.ter    the    velocity  of    143,900    cm. 
V    p 
per  sftcond  ;  the  oheerved  value  in  148,900  cm. 

The  velocity  of  sound  in  Gases — as,  for  example,  air — has  been 
directly  determined  by  firing  cannon  at  a  known  distance,  and  by 
observing  the  interval  of  time  which  elapses  between  seeing  the 
tlash  and  hearing  the  report  The  objections  to  this  method  are 
that  such  violent  concussions  as  those  of  cannon  produce  aerial 
vibrations  which  can  be  shown  to  travel  faster  than  disturbances 
of  less  intensity,  and  that  the  velocity  is  not  equal  in  all  direc- 
tions round  the  cannon  or  at  all  distances  fram  it. 

The  length  of  an  organ-pipe  producing  a  note  of  a  given 
pitch  lias  been  taken  aa  a  means  of  measurement.  The  colmua 
of  air  in  the  pipe,  if  it  vibrated  alone,  would  be  half  a  wave-length 
in  length;  but  tlte  air  is  not  isolated;  the  sound  actually  pro- 
duced i.^  graver  lliau  that  corresponding  to  an  isolated  column  of 
air.  and  the  velocity  so  measured  is  not  even  approximately 
correct. 

On  similar  principles  the  length  of  a  pipe  closed  at  one  end 
and  subjected  at  the  other  to  the  aerial  impulses  derived  from  a 
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vibratmg  tonii^-rork — this  leogtb  being  ao  adjusted  hj  a  moTaUe 
fi^Loa  that  tbe  air  m  the  tube  resounds  its  loudest — is  takea  as 

-7.  and  the  velocity  of  aound  is  again  obtained — onlj  approxiiuate]y« 

faoweTer  (llg.  149X 
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The  velocity  of  soond  in  air  may  also  be  detemiined  bj 
methods  baaed  on  interference;  At  A  (Fig.  150)  sound  enten  ; 
the  waves  pass  along  the  two  cIianDels  B  and  C  to  E.  B  can  be 
leii-^hened ;  it  is  lengthened  until  no  sound  is  heaid  at  E;  B  is 
now  half  a  wave-length  longer  than  C.  At  E  may  be  placed  the 
ear,  a  resonator,  a  manometric  capsule,  or  any  other  indicator  of 
sound -waves.  Xo  energy  passes  down  DE  when  no  sound  is 
heard  at  E :  the  waves  arc  reflected  at  D  and  pass  back  to  A,  the 
B-waves  retuminf^  along  C,  the  C-waves  along  B ;  they  arrive  at 
A  in  the  same  phase.  Even  if  they  arrive  at  D  in  the  same 
phase  and  pass  on  to  £,  there  most  be  reflexion  of  a  negative 
wave  from  I)  along  B  and  C. 

A  glass  tube  vibrating  longitudinally  will  emit  a  sound  ;  tba 
length  of  the  glass  is  half  a  wave-length.  If  the  tube  contain 
air,  the  air  wtU  be  set  in  vibration ;  but  it  must  divide  itself  into 
segments,  each  half  as  long  as  an  aii^wave  corresponding  to  the 
same  tone.  Finely-powdered  silica  placed  in  the  tube  will  be 
distributed  by  the  vibrating  air  in  such  a  way  as  to  accumulate 
at  the  nodes  of  the  aerial  vibrations.  The  number  of  air^egmciits 
thus  indicated  shows  the  comparative  speed  of  waves  in  air  and 
in  glass.     This  is  Kundt's  method. 

The  theoretical  value  for  the  velocity  ia  found  from  the  cqan- 


tion 


=  y*-5. 


where  k  can  be  found   by  thermodynamic 


experiments  (page  331),  K  and  p  by  direct  observation. 

The  beat  average  value  fur  the  velocity  of  sound  in  air  seems 
to  ba  abriut  33,200  cm.  iwr  second  -,  the  extremes  being  330'6 
(3307  Regiiault)  and  333-7  metres. 

The  velocity  of  sound  in  air  is  unaffected  by  variations  of 
pressure,  as  we  have  already  seen ;  it  varies  as  the  square  root  of 
the  ab.solutc  temperature ;  it  is  affected  by  humidity,  for  damp 
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air  is  lighter  than  dry  air  under  the  aamG  pressure.     It  is  also 

affecterl  by  wind,  which  not  only  retarda  the  paasnge  of  sound  to 
windward,  huC  may  aUo  distort  the  waves  and  cause  them  to  pass 
upwards.  In  general,  the  greater  the  intensity  of  sound  the  greater 
its  velocity :  sound  therefore  continuously  slackens  in  speed  of 
trangmission  of  speed  as  it  becomes  fainter. 

It  is  still  a  moot  point  whether  acute  sounds  are  more  or  less 
rapidly  conveyed  through  air  than  gmve  souuds  :  they  are  certainly 
not  conveyed  so  far,  for  tUey  are  more  all"«t'ted  hy  the  \'iscosity 
of  tlio  air,  uud  thu»  the  higher  cuuipoueutd  of  au  inharmonious 
sound  are  aWlinhed  hy  distance,  and  the  whuLe  eHect  is  softened. 

Tin:  Velocity  of  tomd  beiag  known,  it  bccomea  pussiljlc  to  meaaure  certain 
(linlaticex  by  its  aid.  A  lifjhtaiiig  flaftli  ia  8«en,  prActicallv,  instantaneously  ; 
if  the  sound  take  &  sec  U>  travel,  it  muat  have  travcDeU  1660  tutitrce,  or 
about  a  luilo.  Agaiu,  a.  stouo  is  droppiKl  down  a  viiiU  ;  tim  eouud  of  the 
>pta»li  in  Iicanl  iu  €  sccuiida :  al  wLul  dL-plli  ih  tLu  Kurfuvu  uf  the  wuterl 
Tiie  Htoud  &iUb  for  z  seconds  ilinjuyh  ii  sjjiicb  hjuuI  to  jpr';  the  Bound  curaeB 
up  fur  y  sevotida  through  a  apaoit  ei^ual  to  33,S0Oi/  ciu.  From  tbo  two 
vij^uations  X  -f- 1/ =  6,  ^  k  OSLx' ^  33,S00y,  we  fitid  x  =  5'S43,  nnd  the  dopth 
cfiual  to  15,172  cm. 

Propagation  of  Sound  in  ffasBB  aaoording  to  the   Xinetio 
Theory.* — SiijiposL-  AB  t»  V>e  a  cylinder,  CD  au  oscilhiting  piston.     The 
inol*culv3  which,  make   up   the  goa  in 
All   ure    repr«fteiite<l    by   dota  ;    for    Ih* 
HQuce  we  tihn.U  MupjioKi!  titt-MV  nxdeculi'^         c  I 
t<i    be    urnui^vd    in    ctnught    Qlw,   mid 
we  »liiiU    consider   only  one    each    file. 
Tlitf  ineULbers  of  such  a  file  remain  in 

the    eanie    BtraiKhi    line,    atriking     and     -      ' 

rebonnding  frwrn  one  another.    We  keep  . 

in  mind  the  propoi^il  loii  tlitU  two  purl'itctly-clutic  bodies  when  they  enter 
into  collision  rubound  fmin  aim  unothcr  with  «xchiuitjfd  velocities  ;  and  that 
othw,  that  a  pcrfcctly-uloalic  body  striking  a  ri(pd  obntacle  returuH  with  a 
velocity  crjual  to  tho  relative  velocity  with  which  it  etruck  the  obtttAcle. 
If  the  piston  be  at  rest,  it  dwjt  not  change  tlie  velocities  of  those  particlcn 
which  atrike  it,  exc*-pt  iii  tln-ir  ihrrilion.  If  it  !>«  moving  towarda  them 
as  they  *tnke  it,  they  relwund  from  tt  willi  a  vr  I  (idly  git-^tftr  than  that 
with  which  they  xpproached  it  j  this  incwjuwd  veh)city  Hiey  touiiimni- 
cate  by  exchange  to  others  with  which  tbey  come  in  collii>ion  :  they  thtnu 
mturn  to  the  approachiitg  pislon,  and  again  rebound  with  increased  velocity. 
Thww  moleculcH  thiu  act  tm  carrient  uf  energy  ',  tbey  bon-ow  from  the 
advancing  piaton  ct  cvrtuiu  aaiouul  of  energy,  which  they  pass  on  to  the  mole- 
ctdes  beyond  ;  frouj  molecule  to  molecule  ihia  tneryy  is  trananiitted  and  a 
transitory  crowding  together  of  the  moUtculcs,  coDiuii'Ucing  at  the  piston,  is 
prop^ated  through  the  whole  gaAcons  moaa.  Convenwly,  whvu  tlie  piston 
u  in  [vtreat,  llione  moleniles  which  overtake  it  rebound  with  a  diuiiuished 
velocity  ;  they  unhinge  this  diroinished  velocity  with  thaac  moluculeit  which 

•  Sm  Tolvor  I'rorton,  Phil.  Mag.  Hi.  (1877). 
2  K 
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A0  ammlitti  ndbeovmntf  thcv k«*E« «a» m«  ■iiiptilli  tobiigM; 
mJ  M  ta  b  •  aMncr  of  fadittaiaer  «Wk  Ac  mdcr  of  ■aleak*  t>  17  tW 
[al«fmtiii«  «f  wliidi  t^  iit\itmfji  mi  ma^uMoa  af  catqy  tre  *fc<ted, 
pwHiitJ  «]**;«  ikat  the  "*"■—'*  of  tW  aolanJei  oteafiu  a  tiSK  taa^fCfr- 
ciaUc  fa  rnmfmrimM  with  Cb*  iirlcrral  ifcal  by  Acb  m  tiaiwiug  their  &•• 
falk,aad  tethvlbal  tlttir  vnt  «■*  m  nty  mmD  ia  cBBpuiMn  wiik  IW 
■MWp  hagth  ol  tW.  In*  ptfh.  nai  lh>  ^ilod^  of  aootid  ^om  aoC 
(l*f«rf)>)  oa  (W  Aeaaitj  or  «a  tin  fwiu  ct  the  pat 

U  the  «pMd  bt  chafed,  the  ta«  ii  aiflacat ;  Ml  i^nand  Biaaft  ipHii 
«■■•  aa  iaocMcd  fdaeti^  of  frotagKlcni.  TUa  naj  oaear  vithxa  Ac 
■Ma  BHwh^  the  UMpaafw  it  altcwd  ;  theabaotoletaapeBtBRaMaaafta 
dH  ktMtk  aaagjof  the  DMlecolca;  to  the  a^aan  root  of  thia  the  ■■■■ 
vtloottj  la  fvoponkflwl ;  the  tste  ef  Bcnad-prDpaipttlon  ie  cqoal  l«  Ihk  MaiaB 
vdodty  :  whence  the  nte  nt  aoiuwl'pfopafpttian  mart  Twy  «b  the  Mpan  loot 
of  the  alMCilate  tefnpentUiw. 

On  ojinpftritiK  two  (ipuea  ve  find  that  the  tattn  velodtj  rariea  iaTcnely 
•a  th«  «(UArv  root  t/f  the  nKJecular  we^t,  and  thcfcfore  as  the  aqaaie  root 
of  tlM  d-nulj  ;  wbeno*  tb*  vdodtiw  of  •oand  io  two  different  gaaea  an  to 
OM  anothrr  invt-nrly  m  t))e  wiiianr  rooU  of  Hkit  mpectiv«  denntaOL 

We  cann'rf,  liowewr,  affirm  tUat  tlie  particks  of  a  gM  Ue  in  sba^t  Knes 
or  filaa  I  Ibejr  toore  go  the  whole  with  perfiset  tymtaeOf  with  referaiee  to 
cTery  polxt.  Pnrcaaor  Clerk  Maxwell  ibowed  that,  Ukiag  Uiia  into  Mcount, 
wa  ooitbt  not  to  vtftd  the  rate  of  propagaiion  of  aaund  Io  l«  rciual  to  the 
araragK  rtludtjr  of  tbe  patticlM,  bnt  proportional  to  it ;  and  ihut,  on  the 
iMiirinilliiii  tliat  thfl  partielea  were  anall  as  compared  with  tlieir  mean  dia> 
iMKOt,  ami  UiAt  each  one  woa  nnooth  and  ronnd,  ao  aa  not  lo  be  set  in 
TttMian  bj  Inipocta,  then  the  rate  of  propagaljon  of  eonnd  should  bear  to  the 
mcaa  velocity  of  the  psrticlea  the  ratio  of  v^&  :  3,  or  '74&  :  1.  Kundt  and 
WarpQig  round  exactly  thii  ratio  in  ihc  aue  of  llie  vapour  of  mercury.  In 
hjdroipli  the  mean  vtlodly  is  1 64,i6<J  cm.  per  sec. ;  the  velocity  of  aounil  in 
bjrdrogra  Im,  aoairvtinK  to  tlie  mean  of  wvenl  otnttrrationa,  126,917-6  cm.  per 
■8. ;  the  mlio  ia  '6888  :  1,  leaa  than  Hut  given  above.  The  infcirncA  ia 
llut  the  niDtecutca  are  lo  aome  extent  let  in  rotatory  aa  well  aa  in  liandatory 
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Ddppler'B  Principle, — From  a  sounding  bod)-,  approaching  or 
H]iimjficliL'd,  Boiind-ivaves  reach  the  car  in  greater  nunibor  than 
whiiti  Ll»;  source  of  sound  and  the  listener  are  relatively  at  reat, 
and  vux  verad.  To  a  person  standing  at  a  railway  station  while 
iin  cxpH'SB  rushes  wliistling  through,  the  pitch  of  the  vhistle 
Hocrna  suddenly  to  fall  as  the  cngiuo  passes  hiuL  Even  the  pufift 
of  an  approaching  goods-eugiue  seeiu  appreciably  more  uumeroua 
to  the  ear  than  those  of  a  receding  one. 
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TiiE  HoMAH  Ear. 


Aerial  waves  are  communicated  hi  the  air  in  the  external 
auditorj'  meatus.  Thla  is  short  in  comparison  with  the  length  of 
tlie  average  aound-wave.  Its  own  proper  sound  ia  about  </""', 
and  sounds  In  the  neighbourhood  of  tins  tone  are  pairifiilly  rein- 
forced by  the  resonance  of  the  meatus. 

The  movements  of  the  air  in  the  meatus  do  not  materially 
differ  from  those  of  a  single  point  in  the  wave-front:  the  pliysical 
problem  to  be  solved  in  the  or^'an  of  hearing  is  one  of  the  same 
kind  as  would  be  presented  if  the  eye  were  called  upon  by  the 
inspection  of  a  single  point  on  the  surface  of  a  multifariously- 
rippled  sheet  of  water  to  discriminate  all  the  component  undula- 
tions of  the  extended  suiface. 

The  movements  of  the  air  in  the  meatus  are,  in  consequence 
of  the  changes  of  pressure  wliich  they  occasionj  communicated  to 
tho  drum  of  the  ear,  the  ■rncmbrana  tympanx. 

The  drum  of  tte  air  may  receive  somt  vibratioiM  Ijy  direct  tnuiBniiwion 
from  the  bunes  of  tli«  skulL 

We  remark  here — (\.)  The  natural  not«  of  so  small  a 
membrane  is  very  bigli ;  but  weighted  as  it  is  by  t!ie  cliain  of 
Iwnej  of  the  internal  ear,  it  can  take  up  vibralious  of  a  much  less 
frequency  than  this  note. 

(2.)  llie  vibraLiou  of  the  membrane  is  a  forced  one,  and,  as 
T^ards  thu  amplitude  of  very  liigh  components,  does  not  precisely 
coincide  in  cimracter  with  Ujat  of  the  air. 

(y.)  At  tlie  same  time  the  form  of  the  membrane  is  such 
that  it  vibrates  more  at  its  edges  than  at  its  centre,  and  the 
tendency  of  the  membrane  to  set  up  vibrations  of  its  own,  or  to 
alter  those  forced  upon  it,  is  mitigated. 

(4.)  nic  membrane  ia  normally  under  tension :  it  is  pulled 
iuworda  by  tho  handle  of  tho  mallttts;  considerable  pressures 
upon  it  cause  very  small  inwiird  movements,  eipecially  .^ince  its 
radial  fibres  have  very  slight  extensibility. 

(5.)  lb  is  easier  for  a  rarefaction  of  the  air  in  the  meatus  to 
cause  an  outward  movement,  which  slackens  the  membrane,  than 
for  a  conLieusation  to  drive  the  membrane  inwards  and  thus  to 
tighten  it — a  fact  of  impurLauce  in  reference  to  combinational 
tones,  of  which  hereafter. 

(G.)  When    the   membrane   does   move    inwards,   it    pushes 
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inwards  the  handle  of  the  nt^^tem,  whicli  is  firmly  attaclied  to  it : 
but  only  through  a  very  small  distance.  Tlii^  small  amplitude 
of  movement,  about  oiie-furtielL  of  lliut  of  the  air  in  the  uiealuA, 
implies  that  the  handle  of  the  malleuH  ia  wielded  with  cod- 
siderable  force — one  step  in  the  increase  of  the  force  of  the  aerial 
vibrations  on  theii-  way  to  tlie  intenial  ear. 

(7.)  The  movements  of  the  dram  of  the  ear  are  astoundingly 
small.  Tlic  gi-eatest  diaplaceracnt  aecms  to  he  about  01  mm.  or 
l-250t]i  of  an  inch.  A  sound  produced  by  nii/|  (  =  181)  pipe 
under  an  air  pressure  of  40  mm.  of  water  can  be  distinctly  heard 
at  a  distance  of  115  metres.  Tiipler  and  Eoltziuann  calculated 
that  at  such  a  distauce  the  muvemouta  af  the  air  must  be  reduced 
to  '000,04  mm.;  but  those  of  the  more  massive  dnnn,  witii  ita 
appendages,  cannot  be  more  than  '000,001  mm.  or  the  twentj- 
five-niillionth  part  of  an  inch — an  oscillation  so  minute  as  to  be 
beyond  direct  microscopic  observation.  The  drum  of  the  ear  aet$ 
in  motion  the  handle  of  the  Malleus.  Tlie  malleus  is  a  small 
bone,  somewhat  resembling  a  hammer,  with  a  head  and  a  liaudle. 
It  is  so  suspended  by  ligaiueuts,  head  upwards,  that  when  ita 
handle  is  thrust  inwards,  its  head  is  made  to  rotate  to  a  limited 
extent.  The  head  of  the  malleus  is  connected  by  a  smooth  joint 
of  peculiar  form  with  a  second  bone,  the  Incus.  The  action  of 
the  joint  is  such  that  when  the  handle  of  the  nialleua  is  forced 
inwards,  the  head,  aa  it  rotates,  locks  in  the  incus  and  forces  it 
round ;  while,  if  the  handle  of  the  malleus  be  driven  violently 
outwant.'!!,  the  heail,  rotatinj^  in  a  reversed  direction,  does  not  pull 
the  incus  with  it,  hut  glides  over  it,  rotating  through  as  much  as 
5°  before  the  two  hones  again  begin  to  move  as  one  piece.  If 
air  be  driven  through  the  Eustachian  tube  from  the  month-cavity, 
aa  it  always  is  during  swallowing,  it  pi-eascs  against  the  membrane 
from  witJiin ;  if  it  were  not  for  this  peculiar  joint  there  would  be 
a  decided  risk  of  the  chain  of  bones — malleus,  incus,  and  stapes 
— being  toru  away  from  their  uonnection  with  the  internal  ear. 
While  the  two  bones  are  thus  unlocked,  as  during  swallowing, 
there  is  an  impairment  in  their  power  of  transmitting  vibrations* 
and  there  arises  a  partial  dealuess,  especially  for  loud  sounds. 

The  incus  has  a  process  or  long  projection  wliicli,  when  the 
handle  of  tho  malleus  moves  inwards,  niuves  inwards  also.  The 
point  of  this  is  attached  to  a  little  stirrup-shaped  bone,  the 
Stapes.  Motion  is  thus  communicated  through  malleus,  incus, 
stapes  ;  but  the  stapes  move  only  two-thirds  as  much  aa  the  end 
of  the  handle  of  the  malleus — another  step  in  the  increase  of 
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force  aad  diminution  of  ampUtuile  of  the  vlbialiou  conveyed  to 
the  ear  by  the  air. 

Commiiiiiauion  of  Kniind  thrnugh  itin  "bonen  of  the  lieiul  wemti  to  be 
effiMU'cl,  for  th(!  ma^  pArt,  tliroiigli  tlic  mAlk'tix,  inr?ui>,  &ni1  Btapciu  Catn- 
miinicaLion  of  ftOtin<!  to  the  bont-s  of  tlit;  hm'l  may  1i>c  facilitatcrt  by  mcKUM  of 
the  audiphone.  This  is  n  pinto  of  thin  viLlcAnitc,  which  is  hent  and  kept 
by  Btringa  under  a  certain  degree  of  tcntion,  and  the  tdge  of  which  is  placed 
in  contact  with  the  teeth,  Ew^n  a  piece  of  stiff  brown-paper,  loosely  doubled 
anti  ^r.LK[)rd  by  ilit  opjMute  edge*  between  thi^  t^t^th,  will  act  a:*  mh  auilipliont) 
and  Like  up  wavw  wf  HOiind  fixiitt  tlw  air,  atid  will  wuvvy  tb«tu  to  tlio  bones 
of  the  head.  A  certain  ]iToiiorLHJii  of  the  xoiiml  tnivuLt  diivctly  to  thu 
nervoue  apparatniB  «ml>(,nl.rl(;d  in  the  skid!,  which  is  ilinctly  shaken  ;  eouml 
is  thus  rendered  to  eoma  extent  audible  to  thow  whuee  auditory  oesicIeB  foil 
in  their  functioD, 

The  footplate  of  the  stirrup  is  hlended  with  a  membrane 
occupying  a  small  aperture — the  fenestra  ovalis — in  the  hanl 
moss  of  the  temporal  hoiic.  The  footplate  of  the  stirrup  has 
itself  a  form  closely  resembling  that  of  a  footprint  of  the  right 
foot  If  now  the  reiider  will  place  his  i-ight  font  on  a  soft  carpet 
and  forcibly  drive  into  the  carpet  the  enter  edge  of  that  foot,  he 
will  see  that  the  inner  edge  of  his  foot  13  tilted  upwards ;  this 
describes  the  motion  of  the  stapes  when  driven  inwards  against 
the  membrane  of  the  fcnesira  tyvalis. 

Ileyoiid  this  niuiabraiiu  lies  the  fluid  of  the  internal  ear,  con- 
tained in  membranous  b^,  which  float  in  channels  hcUuwed  out 
in  the  temporal  bone.  This  system  of  membranous  bags  cuntain- 
iug  fluid  consists  of  the  vestibule,  the  cochlen  (in  front),  and  the 
acmicircular  canals  (behind).  Hero  we  have  to  do  with  the  two 
formei.  The  fluid  lying  in  the  vestibule  is  immediately  behind 
the  membrane  of  the  feneaira  ovciUa  ;  the  vibrations  nf  the  stapes 
aro  communicated  to  it.  This  fltiitl  is  in  direct  communication 
with  the  fluid  lying  in  a  part  of  the  cochlea  called  the  aeaia 
mstihvii. 

The  stnicture  of  the  cochlea  seems  at  first  sight  somewhat 
complex.     It  is  a  snail-shell-like  object ;  if  unwound  and  laid 
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flat  it  might  be  diagrammatically  represented  by  Fig.  152.     S  is 
the  stapes,  blending  witli  tlje  merabruuo  of  tlie/ene^ra  ovalu ;  V 
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is  the  vestibule ;  S.V.  is  Uie  tctUa  vestHndi,  a  cavitjr  extending  to 

the  tip  or  the  cochlea;  lliero  il  is  coiitiDUOiis  with  S.T..  the 
aeala  tifmpam ;  this  ends  at/r.,  ihe  fcnesira.  roiimda,  an  aperture 
closed  by  a  strong  membrane.  The  fluid  tilling  S.V.  (the  peri- 
lymph) is  continuous  with  that  in  S.T.,  and  hence  strong  pressure 
uu  the  stapes  will  cause  f.r.,  the  membrane  of  the  fenestra  rotunda, 
to  bulge  outwards.  T\\c  scala  t\fmpani  atiA  t\x&faiestTa  j-otuiida 
aie  perhaps  a  safety  firrangcmnnL  The  vibrations  which  are 
important  to  us  are  those  of  the  fluid  in  the  scala  vesttbuli. 

Uulweeu  the  scala  vestilmii  and  the  srala  tyvipani  lies  a  par- 
tition, incomplete  at  the  apex  of  the  coclilea  This  partition  is 
partly  of  boiiB,  partly  of  membrane  :  the  purely  membraDoua  part 
is  called  the  vumhrana  basiiaris. 

Transverse  section  of  the  cochlea  shows  us  further  that  we 
have  not  only  to  do  with  the  two  scahc  and  thu  intervening  par- 
tition, but  also  with  a  third  cavity.     Sucli  a  section   is  stiown 

diagranimatically  in  Fig.  153.  Tlic 
scala  vest-ibtdi  rests  oidy  upon  the 
bony  part  of  the  partition ;  the  tliird 
cavity,  the  scaia  eocJUete,  S.C,  lies 
mainly  above  the  membranous  part, 
the  basilar  membrane,  m.b.  The 
seala  cochleai  contains  6uiil  (endo- 
lyinph),  and  is  practically  a  closed 
cavity.  When  the  liq^uid  in  the 
scala  testibuH  vibrates,  llie  endo- 
lymph  in  the  scalu  cvcfUexe  is  at  oach  impulse  forced  into  similar 
movement  biifore  tlm  liquid  iu  S.V.  has  had  Uuib  to  pass  into 
S.T. ;  and  it  in  its  turn  acts  upon  the  basilar  membrane. 

The  basilar  membrane  is  trianyular  in  form,  being  widest  at 
the  tip  of  the  cochlea.  It  takes  up  vibrations  of  definite  pitch, 
in  response  to  which  it  vibrates  not  as  a  whole  but  locally ;  just 
as  when  wo  sinj;  to  a  piano  with  the  dampers  down,  only  those 
strings  rc.'ipond  which  arc  in  nnison  with  the  sound  produced  by 
the  voice.  It  responds  to  vibrations  of  constderabiG  slowness 
compared  with  its  natural  vibralinn.i,  fi>r  not  only  does  it  lie  be- 
tween two  liquids,  but  it  is  also  somewhat  heavily  loaded;  upon 
it  are  mounted  certain  osseous  stritctiires  arranged  in  two  rows, 
the  rotls  of  Corti ;  and  upon  these  are  arranged  the  cells  ot  Corti. 
each  of  which  is  connected  with  a  single  uerve'hbre.  Bach  of 
these  nerve  fibres  cau  only  be  stimulated  to  sensation  by  the 
vibratile  movement  of  that  uell  of  Corti  from  which  it  runs  ;  and 
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it  19  deaf  to  every  sound  but  that  one  to  which  the  vibration  of 
the  particular  underlyiug  part  of  the  basilar  membrane  corre- 
sponds. As  there  are  from  16,000  to  20,000  such  cells  of 
Corti,  and  therefore  the  same  number  of  nerve- fibres  which, 
although  they  merge  into  a  common  Btiund — the  auditory  Titrm 
— and  enter  the  brain  side  by  side,  ar»  isolated  from  one  another, 
wo  may  say  that  we  have  not  one,  but  frum  16,000  to  20,000 
distinct  Senses  of  Hearing,  each  with  its  own  special  Organ 
of  Hearing ;  the  Ear,  as  we  have  described  it,  being  merely  a 
uiochanicaL  means  for  the  transmission  of  vibration  from  the 
external  world  tn  these  sense  organs,  and  its  duo  distribution 
among  tbeni. 

There  is  yet  aome  difflcnlty  in  seeing  how  the  rods  uf  Corti,  3000  paira 
in  Duuib«r,  offect  diEferenlly  the  Iialf-doKt-n  c«]1ji  of  C'ortt  borne  by  each  pair ; 
hcace  some  deny  that  more  than  ^000  diirerent  souada  can  be  perceived 
othtirwisu  Uian  by  a  procau  of  comparison ;  eren  thin  wouli)  enable  U8  Ui 
distixiguisb  tonvM  dUTc-rmg  by  le««  than  tbe  tbirtieth  pu-t  uf  a  scmituoc. 

When  an  external  sound  does  not  coincide  with  any  of  the 
above  16.000  or  20,000,  the  cells  most  nearly  corresponding  to  it 
will  be  disturbed ;  one  of  these  cells  will  vibrate  more  than  its 
neighbours.  The  pbenomeuon  is  now  one  of  unconscious  com- 
parison of  their  relative  disturbances.  Within  the  middle  range 
of  hearing,  sounds  dirfenng  by  one  vibration  in  three  seconds  can 
he  distinguished  by  some  persons;  whon  tho  notes  chosen  are  vety 
high  in  pitch,  grave  errors  in  the  discrimination  of  pitch  may,  on 
tbe  other  liarid,  bi-  readily  committod. 

When  a  coniijumid  sound  is  prfHliiced,  the  basilar  membrane 
is  set  in  motion  in  a  number  of  limited  regions  at  the  same  time, 
and  the  effect  is  mingled  in  the  brain.  The  nature  of  the  com- 
pound sensation,  by  which  wo  thus  recognise  tbe  differeiit  quali- 
ties of  sound,  is  a  question  which  passes  the  bounds  of  physics. 

Thfl  ear  has  a  certain  power  of  pL-raiHliuK  lu  vibiTJtUms  onco  set  up  in  it ; 
bat  only  in  Hiriall  degree,  Add  to  Jin  cxtvtit  the  ^Jilur  thn  lower  thn  pitcli  of 
the  note.  If  the  aounil  ^  bo  broken  up  by  alternate  floRheii  of  sound  and 
silences  of  equal  duration,  wlien  theae  each  number  1  ;10  jier  nMond,  the  noiind 
accnu  continiiourt.  Each  pitch  ha«  it«  nvrn  diinttion  of  persistence  ;  and 
UkycT  boa  pointed  out  (aoc  PhiL  Mag.  ISTti,  vol.  ii.)  that  in  a  mixture  of 
•onnda,  alternatply  admittod  to  the  ejir  and  ihut  off  from  it  by  apertures  in 
n  totatirig  difw^  Rume  mar  be  rendered  evidently  intprniittont  by  the  action 
of  tiie  diiht,  while  nthen  may  appear  conttnuoua^  and  thut  iiiu*  we  liave  a  new 
nieiinj)  of  analyning  coni[K>i]nd  Hounda. 

As  to  the  limits  of  hearing,  sounds  may  be  perceived  by  the 
human  ear  which  range  from  16  (I*reyer),  or  34   (Helmholte),  to 
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about  32,000  (Dcapretz),  or  uveu  40,000  (Appunn  and  Preyer) ; 
there  being  between  difTerent  individuals  curious  diflcrences  in 
the  power  of  perception,  especially  of  high  sounds. 

A  BmoU  Dumber  or  ntjnipt  clicks  caimot,  with  com,  blcod  Into  a  con- 
tinuDiiB  aoiind  ;  if  thty  mtciii  tu  do  ao,  it  is  guTifirally  some  high  Iiarmonic 
that  ia  really  hearJ.  A  very  HBiall  nombcr  of  trac  penduljir  nbnitions 
aeRmn  tn  pTvidnce  Eound  vlitn  euffidetit  surra>(»3  in  acted  upon,  or  the  ear 
othtnriflo  firmly  enough  act  in  vibration  ;  whein^e  the  very  deep  hum  of  & 
river -stfamer  alaekening  sptM-tl,  or  tliat  bohikI  of  oontmcting  mnwle — ^19 
▼ibrationfl  per  second — which  i#  hean)  whta  ttii>  forcAnger«  lav  pntscH  lata 
(bti  ears  uid  the  elbovrs  prencd  og&inxt  the  table. 

The  aeuaible  loudness  of  sounds  does  not  coincide  verj*  closely 
with  their  pJiyaical  intensity.  Tliis  arises  partly  from  modifica* 
tions  in  the  form  of  the  vibration  induced  by  so  complicated  a 
transmission  tlirongh  the  auditory  apparatus,  partly  from  cauaca 
purely  physiological. 

It  it  curifut  that,  M  lilayiT  htu  Mhnwii,  luKh  not«8  an'  ht«nl  with 
mlty  in  th«  presence  of  luwcr  ones.  Uenc«  eixfecu  viuUns  in  an  orchestra^ 
prodnoe  by  no  m^ns  bo  ^reat  an  effect  a»  sixteen  riolina  alone.  A  lowvr 
Qute  teniJa  to  drowni  a  bibber  one,  eapecLally  if  the  higher  not*  be  thoroughly 
in  tune,  or  fibrin  a  coirect  acon&tic  interval  with  the  lower.  lu  a,  anftle 
muaii^  eound  the  ftimiumental  touc  ilrowitN  thu  huinonics,  vvi-n  tlioufih  tlic 
latter  may,  as  in  a  tinkling  piuno,  very  greatly  exceed  it  inphyacal  intcneity. 


llio  sensitiveness  of  different  ears  to  sound  may  be  compared 
by  measuring  the  relative  distances  ul  which  a  given  sound  be- 
comes inaudible;  as  the  squares  of  these  distances,  so  are  the 
seitsibilitica  of  the  ItsLening  tsars.  If  one  ear  can  hear  a  certain 
sound  at  3  feet,  the  other  only  at  '3  inches,  then  the  duller  ear  is 
(36'-^  3')  =  144  times  less  setisitive  than  its  fellow. 

Even  beyond  the  car  and  wHtliin  thu  brain  there  in  eome  mochanism  of 
which  we  arc  atil!  ignorant.  Professor  Silvanue  Thompson  has  ahown  lliat 
two  HOimds  which  beat  with  one  another  will,  when  conveyed  M-pani.tely  one 
to  each  car,  prodnce  btuita  which  appear  to  jar  the  vertex  of  thi;  brain  ;  and 
further,  thKt  two  sotuids  of  the  same  pitth  and  phase,  arriving  KpaniUrly  ia 
the  ears,  npi>«ar  to  be  he^ird  in  the  i-ar*,  wliiK-,  if  th^-y  arrive  in  nppotdte 
phooea,  the  efTett  it  as  if  the  m^und  wem  heanl  nnt  in  Ihu  vara  at  all,  but 
within  the  vertex  of  the  cranium.  The  former  plnrnoiiienoii  may  be  roughlv 
■huwn  by  a  tuning-fork  held  to  each  ear  ;  tbe  latt«r  by  a  pair  of  lelephouw, 
obO  tv  eiich  i:ar,  one  being  provided  with  a  coiomutator^  by  which  the  cumnt 
in  that  tvk-pbune  con  be  reverted  at  will. 

Direction,  of  tfouniC  can  liordly  be  determined  if  Uiu  head  be  behl  fixeid  ; 
wc  turn  the  head  iili^htly  while  listening,  and  interpret  luteouwiuusly  tbe 
consequent  variatinne  uf  int«nijity  id  the  two  Gorti. 
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HAflMOmr  AND  DlSSONAJSCE. 

Just  as  it  is  disa^^eablc  to  the  eye  to  be  exposed  to  Bicker- 
ing light,  ao  it  is  paioful  to  t}ie  ear  to  be  expoacd  to  audible 
flickering  such  aa  tliat  produced  by  two  sounds  wliicli  beat  when 
sounded  together.  Tlie  climax  of  unpleasantness  or  Discord  is 
reached  wheu  the  beats  amount  to  about  32  per  second.  When 
the  beats  are  still  more  numerous  than  this,  the  two  notes  which 
are  sounded  togetlier  become  more  distinctly  separable  by  the  ear^ 
and  the  beats  are  less  prominent  to  the  sense  of  hearing. 

Were  this  the  only  cause  in  operation,  the  intervals 
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which  all  differ  by  32  vibrations  per  second,  would  be  equally 
painful  to  the  car.  To  some  extent  it  is  the  case  that  an  interval 
concordant  between  high  notes  is  painful  in  the  lower  parts  of  the 
scale,  as  may  bo  found  on  playing  a  major  third  iu  different 
octaves  on  a  hannoniuiu :  but  another  cause  affects  the  decree  of 
paiiifulness  oC  a  discordant  interval.  Wlieu  two  contiguous  sounds 
alTect  the  l.)asilar  membrane  si  nui  I  tan  ecu  sly,  the  vibration  of  the 
basilar  membrane  is  not  limited  to  those  fibres  or  narrow  strips 
which  exactly  correspond  to  the  two  contiguous  sounds  heard  ;  the 
result  is  a  confused  vibration  of  tlie  membrane  in  a  wider  strip, 
and  a  sound  is  heard  compounded  of  all  the  notes  within  the  region 
of  that  strip ;  this  is  interpreted  by  the  ear  either — where  the  two 
component  notes  are  very  close — as  a  single  note  of  average  pitch, 
or.  where  they  are  further  apart,  as  two  separate  notes  coupled 
with  a  painful  sensation.  Discord  is  thus  due  partly  to  beats, 
partly  to  diflicuJty  in  identifying  pitcli. 

The  beat*  produced  by  mis-tinied  coneonant-intervals  correspond  to  ciuioBS 
vibretioDal  curves,  for  which  »ee  Boeanqu«t,  fhil.  Maj/.  1881. 

When  two  notes  are  produced  by  separate  sonrcea  of  sound, 
the  upper  harmonics  may  possibly  clash  and  beat  with  one  another. 
This  may  be  specially  obsen'ed  in  the  roughness  of  full  chords  of 
a  brass  land  within  an  enclosed  space.  If,  for  instance,  C  and  G 
be  sounded  together,  the  aggregate  harmonica  are  the  following: — ■ 


of  which  only  y,  g^,  and  t/'  are  coincident. 
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If  we  eliminate  all  the  liarmonica  beyond  tho  sixth  of  the 
lower  notes,  the  respective  coincident  and  nnn -coincident  harmonics 
for  various  intervals  become  the  followins : — 


■'S^ 


^"^ 


Fifth. 


Fourth.  Miijor  Third. 


Tenth, 


^liuor  Third. 


The  most  concordant  iuterval  as  that  in  which  the  harmonic* 
gooneat  coincide,  and  in  which  those  non-coincident  harmonicB 
■which  discord  with  one  another  are  as  remote  as  possible  from  the 
fundamental  tones. 

This  is  uat  the  only  element  to  be  taken  into  iiocount  in  cx- 
plainijig  the  lehitive  haiinunionsness  uf  eerUiin  intervnla.  When 
two  notes  are  sounded  together,  there  are  produced  other  tones 
called  IHtTerciitia!  and  Summational  Tones,  or,  generally, 
csombinational  tones,  which  are  heard  along  with  tlie  former. 

Differential  Tones. — When  1/  (=256)  and  /  (  =  384)  are 
sounded  together  loudly  and  firmly,  the  listctung  ear  can  distin- 
guish the  sound  c  (  =  128)  humming  at  the  same  time.  With 
c'  (=256)  and  /  (=320)  the  diflerential  tone  is  C  (=64).  Tlie 
vibrational  nnmber  of  the  difl'erential  tone  is  equal  to  the  number 
of  beats  which  tend  to  be  formed  by  the  two  prime  Cones.  For 
this  reason  it  was  long  thought  that  the  combinational  tones  were 
produced  by  the  blending  iuto  a  coutinuous  sound  of  Beats  loo 
numerous  to  reckon.  These  touts  are,  on  the  contrary,  distiiict 
from  the  beats.  If  two  very  high  notes,  differing  by  64  vibra- 
tious  per  second,  be  sounded  together,  the  discordant  shiver  due 
to  the  beats  can  be  distinctly  perceived,  though  the  buata  them- 
selves cannot  be  reckoned,  while  at  the  same  time  the  correspond- 
ing differential  tone  can  be  heard  humming.  If  the  sounds  Ik: 
separately  conveyed,  one  to  eacli  ear,  the  beats  may  be  distiDCtlj 
felt  within  tho  head,  but  no  differential  tone  is  beard.  And 
further,  if  the  two  sources  of  sound  be  markedly  distant  from  one 
anothor,  the  beats  may  he  apparent  while  the  combination  tone  is 
feeble. 

There  arc  two  cuumj  for  the  formatiou  of  thi'w  Coiii<h.  Wlivn  a  cumiiilvr- 
ablo  distorbauoc  hut  biHtn  produced  iu  the  air  by  one  iiourcu  of  bouiiJ,  the 
diBturbanctt  of  ihe  uir  prcKhi(»;d  by  another  source  near  th'C  fomiur  ia  not 
limply  added  lo  the  dieturbancic  already  cxiBtinjji  for  Honkft'a  law — aa  the 
force  applied,  -no  is  the  distarLinn  produced — is  not  tnii»  except  for  very  tuaaU 
diHttirhanc«a :  the  amplitude  of  the  component  OAcilUlion  t»iU  short  of  the 
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mm  of  tht  amplitudiM  of  tbe  comjKments,  nod  tliis  u  equivalent  to  tiie 

tnlrodticUon  of  a  imv  vibration  vrfaose  fund  a  mental  jieriod  is  that  of  th«  <lif- 
ferentlal  tcme.  Differential  tones  »o  productjJ — na  in  the  harniduium — can 
be  reinforced  and  investigated  by  mean*  nf  retoniit^^rs.  The  iiior«  t'ffe(:tivt< 
caxum  of  tlie  production  of  oonibiuatiunsl  louim  io,  huwuvi'i-,  th«ir  origination 
in  thu  Jrum  of  the  cnr ;  thu  dnini  uf  tliv  \mx  iitnvKS  inoru  frauly  uiilWArd4 
tbun  inwunln  ;  and  Bclmboltx  linn  «buwn  tliut  if  u  tmnsinittur  posAwning  tliiit 
pucuHarit.y  be  acted  upon  by  a  dislupbanM  wliioli  is  the  Bura  nf  two  diatupb- 
iiiicea  of  ftutjuencies  p  and  q,  the  energy  itiijMru?ci  lo  it  in  in  part  expcnJwl  in 
prnduuitij?  new  vibralinnfl  of  frei|Ufncie8  p  ~  q  and  p  +  ^;  ihftso  correspond- 
ing retspectivaly  to  diffcrpntial  tonM  nnd  to  summation nl  tonea.  SouniU  en 
IHwIiiCiftd  cATiiiot  Ixi  rcinforoL'd  by  n:soni»tor«. 

Summational  Tones. — Tbese  tones  were  di£cover&d  by  Helm- 
holtz.  TJie  uotes  c  aud  y  (256  aad  384)  will,  when  KuuDded 
logetlier,  produoe  n  faintly  audiblG  tone </(  =  540  =  li5(3  +  384). 
Tones  of  tfiis  kind  are  only  to  be  htsfiril  with  liitlicnlty — a  fortunate 
eircnrastance,  einco  tli«y  nioslly  discord  with  their  prime  tones. 

Tlie  snininalional  ami  difleriintiul  tones  for  some  consonant 
intervals  are  representcnl  in  the  following  table,  in  which  mimma 
(i^)  denote  the  prime  tones  and  crotchets  (f)  the  combinational 
tones. 

*Sf  t  jl  ^  4,  SI 
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T 


1:1      J|:l  .1   J*       4 


:1| 


m 


Harmony. — The  chord  c*.  c',  g' 


has  a  dilTerential  lone 


between  e'  and  «',  the  tone  C ;  between  /  aud  i/  the  same ;  betweett 
c'  and  ff'  the  tone  c;  together  ~^^E.  Again,  i/  lias  a  first  har- 
monic t/';  with  /  and  ^  thift  malces  the  diflercntial  tones  g  and  c 
The  note  /  has  a  first  harmonic;  c";  with  r'  and  f/  the  difference 
ti>ne9  are  respectively  /  and  c ;  and  similarly  the  first  harmonic 
of  y  produces,  with  t/  and  e\  the  tones  c"  and  t/^  — .  Altogether, 
these  form  the  series 


all  the  tones  of  which  occur  as  partiala  in  the  note  C,  and  there- 
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fore  blend  smoothly  together.  ITie  minor  chord  ^,  e'^,  ^  in  a 
similar  way  has  the  primary  diCfereDtial  tones  A^,  K(r,  «,  and  tfatt 
secondary  differential  tones  c,i^.  rf',/b  — .  ^i'.c'';  and  the  piimaiy 
chord  is  thoB  embeddtxl  in  a  mass  of  combination  tones  comprisuQ^ 
among  others,  the  discordant  series — 


a: 


The  consonance  of  </,  e'b,/  is  therefore  necessarily  much  harslier 
than  that  of  c',  e',  and  /. 

For  furUier  developiiicntu  of  Uiin  wi"bjw:t  the  n-swler  muat  l>e  refemd  to 
QeltDhoItz's  ^entaiiovsoj  Tottt,  tntnsIaLed  by  Mr.  Elliit. 

When  Just  intonation  is  possible,  as  among  glee-singers  or 
quartett«-players,  each  listens  to  his  fellow-perCormers  as  well  as 
to  his  own  voice  or  instnimeut.  aud  gives  out  that  note  which  he 
feels  to  belong  to  the  key  in  which  the  party  is  performiug,  and 
learoB  to  do  so  in  such  a  way  as  to  avoid  beats :  thus,  as  is  said, 
the  performers  mb  off  one  anotlier's  asperities.  lu  this  way 
mathematically -exact  ratios  of  ctm-siJerable  complexity  we  accu- 
rately attained  without  necessary  knowledge  of  them  on  the  part 
of  the  musician. 

Voice — Vowels. 

The  voice  is  produced  by  vilimtioas  of  the  larynx,  especially 
of  the  vocal  cords,  iu  whole  or  in  part.  Above  these  is  placed 
the  mouth -cavity,  which  may  assume  various  forms  imder  the 
action  of  the  various  muscles  which  regulate  the  position  of  the 
tongue,  tlie  soft  palate,  tlie  floor,  aud  the  sides  of  tlie  mouth. 
Tliis  mouth-cavity  acts  as  a  resonator  and  reflector.  According 
to  the  number  of  upper  harmonics  wliich  are  reinforced,  and  the 
ejttent  to  which  they  are  severally  reinforced,  will  varj'  the  quality 
of  the  sound  emitted.  Upon  this  quality,  aad  upon  nothing  else, 
depends  that  character  which  we  recognise  as  some  particular 
Vowel ;  for  every  Vowel  is  a  particular  Quality  of  Sound. 

Aa  clemeDtar^  example  of  tbis  is  fumielicd  by  a  coniinoo  puckut-tuiiitig- 
fork  ;  when  wit  in  vibmlion  and  tbo  bnmJ  fuco  of  one  of  the  prongx  presented 
to  the  ear,  the  fork  Bccma  to  emit  the  vowel  u  or  m;  when  its  ehaiik  n  pnoaed 
ngainst  a  table  the  ftirk  secnifi  to  say  f ;  now  the  ortAve  1:«cainea  prnmiocnt. 
The  TcOBon  is  that  the  fork  BwingB  in  <itrcular  oru,  snd  not  in  truuvena 
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etraight-Uues ;  at  ihc  end  ofcscli  Iialf-osL-illatign  It  C'linaeq^uently  preotes 
auiniiiBt  the  table  and  eauM^  it  to  emit  the  (H;ta;VB  as  well  hb  the  funiJniiiental 
maif.  A  tone  Klmost  pure  givos  the  hollow  Bound  of  the  vow«l  fl ;  niic  accom- 
panied l>y  it«  oclavfi  produciw  th<^  vowel  0.  Earfi  vowel  give*  i  particiUar 
fumi  of  indcntacion  of  the  tinfoil  in  n  phonograph. 

Vowel  sounda  can  be  analysed  hy  meana  of  resonatora ;  and 
when  a  particular  vowel  is  snug  in  pi-esence  of  an  open  piaufi  (loud 
pedal  down)  that  vowel  is  repeated  by  the  strings :  each  component 
of  the  complex  vibration  is  taken  up  by  that  string  which  h  in 
unison  witli  it.  On  the  other  hand,  Helmholtz  showed  that  by 
causing  a  number  of  resouators  of  a  series  whose  frequencies  were 
as  1 :  2  :  3  :  4  :  5  :  6  :  7,  etc.,  to  vibrate  with  independent  intcnsi- 
tiea,  he  could  at  will  produce  by  ajiithcsis  not  only  a  great  number 
of  qualities  of  tone  widely  diiTering  from  one  anotlier,  aiich  as 
clarionet-tune,  etc.,  but  could  also  build  up  the  different  vowels 
themselves. 

To  each  vowel  corresponds  a  different  fonn  of  the  rcsonatinj,' 
mouth-cavity ;  to  each  such  form  correajKiiids  a  difforeut  natural 
pitch  of  vibration.  Wlien  the  larynx  emits  a  complex  sound  COQ- 
taining  as  one  of  its  components  a  tone  of  tins  natural  pitch,  this 
tone  is  strongly  reiufurced,  and  the  quality  of  tune  somewhat 
affected. 


TRANSKOR-MATIONa    OF   THK    E.VERGY    OF    SODND. 

Sound  being  in  its  physical  aspect  a  kind  of  motion,  in  the  course 
of  which  work  is  done  against  elasticity  and  inertia,  it  ia  superfluous 
to  speak  of  the  couvereion  of  the  enei'j^y  of  sound  into  that  of 
mechanical  work.  The  transmission  of  sound  ia  a  transmission  of 
energy,  and  the  snimd  produee<l  by  a  sounding  body  is  mechanically 
equivalent  to  a  definite  amount  of  work.  Wlien  a  heavy  tuning- 
fork  is  attached  to  the  piston  of  a  little  pump,  as  in  ]5di.son'a  harmonic 
engine,  it  can  be  made  to  do  work ;  but  then  it  producj^  some- 
what less  sound  than  when  vibrating  freely.  The  mechanical 
equivalent  of  sound  may  be  estimated,  as  it  lias  been  by  Mayer, 
by  comparing  the  sound  produced  by  a  free  tuning-fork  with  the 
sound  produced  by  the  same  fork  on  equal  excitation  when  its 
prongs  are  connected  by  a  thin  strip  of  iudiaruhber,  and  finding 
the  amount  of  heat  developed  in  the  rubber  in  the  latter  case. 

Work  may  be,  on  the  other  hand,  converted  into  suuuiL  In 
general  there  are  two  uiethods  of  accompliahinfj  this  transfonna- 
tion. — fii-stly,  by  storing  potential  energy  in  an  elastic  body,  wliich 
is  then  liberated ;  secondly,  by  transforming  uniform  into  inter- 


430 


BOUKD. 


[CBAP.  tlX. 


mittcnt  motion  thraugli  the  agency  of  friction.  We  have  already 
fitudiod  the  mode  of  exciUitiou  of  a  viuliu  striii^'.  A  pointed  slate- 
pencil  pushed  across  a  slate  at  a  certain  angle  produces  a  well- 
known  shrill  scream,  and  the  mark  produced  by  it  will  be  found. 
on  close  examination  to  conawt  of  a  train  of  separate  dots ;  the 
action  is  not  unlike  that  of  the  violin  atring.  The  scream  of  un- 
oiled  bearings  in  a  machine  may  be  accounted  for  in  the  same  way, 
aad  in  such  a  ease  niuch  of  the  energy  of  rotation  of  the  machine 
is  wasted  in  the  fonn  of  sound. 

The  energy  of  Heat  may  be,  in  some  cases,  transformed  into 
that  of  Sound,  Trevelyan's  rocker  and  singing-flames  we  have 
already  studied ;  the  singing  of  a  kettle  is  due  to  the  riiytkmical 
agitation  produced  by  the  fommtion  and  collapse  of  bubbles;  the 
roar  of  sleaui  issuing-  from  a  boiler  is  produced  by  the  disturbance 
of  the  surruuiitling  air  by  steam  which,  after  thrusting  aside  the 
surrounding  air,  collapses  iuto  water-drops;  the  roar  of  a  cliimney 
is  due  to  the  oscillation  to  and  fro  within  the  chimney  of  heated 
columns  of  air  or  smoke  which  set  the  air  within  the  chimney  in 
vibratinn,  of  which  the  deep  roar  heard  by  ns  is  generally  a  liigh 
harmonic :  in  all  such  cases  the  energy  of  the  sound  produced  is 
obtained  at  the  expense  of  the  heat  supplied. 

But,  like  other  forms  of  energy,  that  of  sound  is  ultimately 
dissipated.  When  sound  is  produced  in  a  room,  every  particle  of 
the  walls  and  contents  of  the  room  is  set  in  vitration ;  there  is, 
indeed,  no  way  of  protecting  bodies  surrounding  a  source  of  sound 
from  this  iutiueuce  except  perhaps  by  placing  them  upon  several 
alternate  layers  of  caoutchouc  and  soft  putty  witliiu  a  vacuum. 
At  last  it  degecierates,  after  repeated  rellexion  within  each  object, 
into  irregular  molecular-motion,  and  is  converted  iuto  Heat.  So 
when  a  tuning-fork  is  set  in  motion  and  sounded  in  the  open  air, 
part  of  the  energy  which  was  initially  communicated  to  the  tuning- 
fork  when  it  was  first  set  in  vibration  is  lost  in  consL-quence  of 
the  viscosity  of  the  fork,  which  becomes  slightly  wanner;  while 
part  of  that  energy  is  expended  upon  the  external  atr,  which,  by 
reason  of  Jts  own  viscosity,  gradually  extinguishes  the  sound, 
beginning  with  the  highest  components,  and  the  whole  at  length 
dies  away,  being  converted  into  the  degenerated  form  of  Heat, 
which  ultimately  becomes  diifused  throughout  the  entire  universe. 


CHAPTER    XV. 


OF  ETHER-WAVES. 
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Is  this  chapter  a  variety  of  phenomena  fall  to  he  considered 
which  uiui  bo  cxplaiued  as  phenomena  of  urniuktiou  in  tlie 
all-pen-ttdiug  ether,  and  may  thus  be  said  to  be  dtiu  to  Ether- 
Wavea 

It  is  necessary,  however,  to  make  a  reservation  of  opinion,  and 
to  point  out  that  all  vre  are  really  entitled  to  affirm  is  that  the 
phenomena  in  question  are  transferences  of  ciiorj^y  thmii|^'b  the 
■ether,  aocompanied  by  variable  disturbances  of  that  medium — 
disturbances  whose  variations  foUow  the  same  laws  as  those  of 
wavo-molioD.  but  which  may  in  themaelvea  be  due  to  cbuugts  not 
uecussarily  of  position  within  the  ether,  but  possibly  of  itts  etreas, 
of  its  electric  condition,  or  of  some  other  property  of  the  inter- 
stellar intidium  as  yet  uuknown  to  us.  Their  theory  has  been 
chiefly  duveIo|ied  by  those  who  considered  the  phenomena  of  Li^ht, 
Kadiont  Heat,  etc,  as  phenomena  of  Wave-Motion  in  the  Ether  j 
and,  with  this  preliminary  explanation,  wo  Bhall  in  the  sequel 
speak  unreservedly  of  these  phenomena  as  duo  to  Ether- Wavea. 


Nature  of  Ramation. 


The  all-pervading  Ether  tan  be  set  in  vibration  by  the  vibra- 
tion of  the  molecules  of  ordinary  matter.  This  local  disturbance 
seta  up  waves  ;  and  by  these  waves  energy  may  be  transferred 
from  one  place  to  another.  This  process  of  translei-ence  of  energy 
is  the  process  of  Radiation. 

The  ntdiiUion  of  enc-r>;y  by  the  em  nmRnntn  tn  tihaat  7000  hnree-power 
per  Aq^uarc  loot  of  the  tun'a  Borliicc ;  tlti»,  striking  the  tortb,  omountfi  to  about 
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63  foot-pouods  pur  etjUAre  foot  of  the  earth's  Rnrfoc*  per  second  ;  Iienee,  to 
lue  Sir  Willioni  ThouuonV  plirate,  the  "  mechanical  value  of  a  cubic  milp  of 
■unlight,"  the  cnerj;}'  of  tbu  waves  comprlw^d  witlun  a  cqUc  mile  of  ether 
near  the  eaith,  in  about  ]  2,050  foot-pouuds. 

Heat-waves  and  light-waves  in  ctlicr  are  not  waves  of  oompres- 
sion  and  rarefaction,  like  those  of  sound  in  air.  The  propagation 
of  an  ether-wave  in  effected  after  a  different  fashion,  somewhat 
difficult  to  realise.  The  analogy  of  a  transverse  \'ihration  running 
along  a  cord,  or  of  a  wave  of  U]>-an«.i-down  oscillation  running  over 
Uie  surface  of  water  or  over  a  thin  membrane,  must  be  extended 
to  the  ether,  with  its  three  dimensions  in  space.  At  any  point 
where  the  movement  of  the  ether  is  examined,  it  is  found 
to  he  ail  usciltatioii  at  ri<;lit  angles  to  the  direction  in  whicli 
the  wave  ia  being  propagated,  and  therefore  parallel  to  the  wave- 
front. 

The  vibration  of  the  ether  ia  initially  of  the  nature  of  a  forced 
vibration;  it  is  probably  excited  by  the  osuillatton  of  a  part  of 
the  ether,  which  is  in  some  way  entangled  within,  or  which  en- 
velops, the  vibrating  molecule. 

The  molecular  ribratioa  which  excites  the  ether-vravn  is  a  true  vibration 
of  thu  uiolwale,  not  a  tntmlalional  oaeillation  from  place  to  plooc 

Hiti  moli:cutt:8  of  orditiary  titiiltvr  uiUHt  be  tiiippoetd,  in  vittuo  of  their 
Mtnnll  »izc,  to  vibratfl  very  rapiiUy,  Wc  have  ulivady  stated  that  the  average 
diflmcU'r  of  niol«citliw  ie  about  i!ie  i-mjoVsn it  P"^""'  "^  *  millimc-trft,  and  that 
they  may  fn-rlmjffi  cnnaist  of  ether  rolling  within  p.ther  in  vibralile  vortioc*. 
A  etcol  tuning-fnrk  2  inclieH  (AO  mm.)  long  may,  if  it  be  of  the  proper 
form,  vibrate  480  timfii  a  second  ;  if  it  wi-rt  i a  j  jo o o o  """■  ^^^^  '^  "^ 
the  Bftmc  shape,  it  would  vibpnte  3(l,0C)H,i>00L>00  Iiid«  per  wcond  ;  if  made 
not  of  steel,  but  of  other,  its  frequency  would  be  f^rtctltT  in  the  ratio  of  the 
velocity  of  propn^ation  in  rtcul  bt  that  in  ctlier,  and  would  IberiJ'tire  aniount 
to  about  1,740,240000,000000  ow^ilUtions  j^r  wcoud.  The  vil.mliou  of  a 
molecule  is  moiv  like  Lhut  uf  a  'litiL-  thun  that  of  a  tuaiajj-furk  ;  but  tliu  roug^ 
uuulu^y  Juet  uivutiont'il  uiiiy  nitvc  tu  sliuvf  tlmt  it  in,  evua  ti  yn'ari,  probublo 
tliut  Boiiie  BUL'h  iiumbL'r  nmy  dt-'iiotc  thu  avi.'ni[i«  fn-quiriicy  of  the  cllier-wavcs, — 
lui  uvem^  nicxlilied  in  tbt;  direction  of  rt^tardnUon  by  the  formation  nf  hiaivier 
niolucul'ee  through  the  coalescence  of  Rmaller  moli^cutea,  or  perhajM  by  the 
reliction  uf  Ihi;  ether  wliieh  h  ml  m  forced  vibrution,  or  mrirlifii'd,  on  the  other 
hand,  in  the  (Urectioa  of  ftwi-lt^mlinu  by  thir  formation  orhti-hcr-pitfhcd  vibm' 
tions,  which  may  bo,  to  um  iUe  musical  analog,  di-sncmant  with  one  onothfr 
when  the  structuml  amuigcincnt  of  tht  molecules  is  unsirmmctricaL  Tho 
molecule  of  Kodium -vapour  act^  somewhat  like  a  disc  which  is  slightly  un- 
aymmetrieal :  such  a  dine  would  give  out  two  tones  very  near  on*  another 
in  pili'h  :  and  ti  vibmtiiijf  MiiUum-nmLeuule  give*  riae  to  two  wU  of  ether- 
waves  whicli  differ  only  Kligbtly  in  fivqucncy. 

Limits  of  Frequency. — We  are  not  acquainted  with  any 
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ether-navos  except  those  whose  frequencies  lie  betweeu  the 
limits  of  about  107,000000.000000  (Laugley),  and  aljout 
40,000.000000,000000  oscillations  jier  second — u  range,  to  use 
a  musical  analogy,  of  about  eight-aud-a-balf  octaves ;  but  of  these 
our  eyes  are  sensitive  to  scarcelv  one  octave — to  those,  namely, 
which  range  between  about  392,000000,000000  per  second 
(extreme  red  of  the  spectrum),  and  about  757,000000,000000 
per  second  (extreme  violet). 

There  way  pcrliaps  be  ether-waTefl  more  or  less  mjiiti  Ihan  l\w.  extreme 
liinitH  nitinltunvd,  but  wu  U&ve  nu  skush  by  which  tliuir  uxi^k'ii'uo  i»  made 
known  to  ui,  luiil,  ab  pnieent,  nu  {.-xiKriiui^nUil  uiuaua  of  jnveeligaling 
titcm. 

Velocity  and  Wave-length.- — Thiise  waves  all  travel  through 
the  ether  of  space  at  the  aame  rate,  namely,  about  30057.400000 
cm.  (186,680  miles)  per  second.  Ethcr-wavea  while  traversing 
tlio  ether  present  no  essential  differences,  except  iu  respect  of 
their  frequencies,  and  benco  nbo  of  their  wave-lengths ;  the  latter 
\-ary  in  a  vacuum  from  alwut  xxr^VTT  '^"*'  ^  fi^bout  xsTjhfyJSXf  '^™*» 
and  those  waves  to  which  our  unassisted  eyes  are  sensitive,  the 
waves  of  light,  have  wave-lengths  ranging  between  TS^'g 
era.  and  ^irrsK  "^"^     Those  wave-leugtlis  are  usually  specified 

1    metre 


in  terras  of  "tcuth-metres;"  a  tenth-metre  being 


iO' 


or 


0000000,01  cm.  Extreme  red  and  extreme  violet  have  thus  in 
a  vacuum  the  reapective  wave-Iengtlis  of  7667  and  3970  tenth- 
metres. 

Ether-waves  do  not  traverse  all  substances  with  equal  speed  : 
hence  their  wave-lengths  in  different  subst-anco.s  vary ;  if  any 
particular  kind  of  radiation  have  to  be  spoken  of,  it  may 
be  defined  by  specifying  its  ■wave-length  iu  aome  specified 
medium,  but  it  is  better  to  state  its  numerical  frequency.  To 
do  the  latter  implies,  however,  that  we  assume — and  we  are 
apparently  justified  in  assuming — that  all  kinds  of  light  pass 
through  a  vacuum — that  is,  tlirough  the  ether  of  space — with 
equal  speed. 

Kinds  of  Itadiation. — Wliea  a  succession  of  waves  impinges 
on  a  mass  ol  orditiary  matter,  the  effect  varies  according  to  the 
nature  and  the  condition  of  tlie  body  which  receives  their  shock; 
II  if  it  be  an  onKiiary  opaque  mass,  that  niaas  may  be  warmed,  wave- 
^K  motion  being  transformed  into  heat,  and  the  waves  which  have 
^1  impinged  upon  it  are  ex  post  facto  called  a  beam  of  Radiant 
■ 
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Hoat ;  if  tbcy  fall  upon  the  eye,  they  may  produce  a  seosation  of 
light,  and  the  wave-system  is  than  c-alled  a  beain  uf  Light :  rail- 
ing upon  a  sensitised  photographic  plate,  or  a  living  greeu  leaf,  it 
may  uperate  chemical  ducum position,  and  it  is  then  called  a  beam 
of  Actdnic  rays.  TUcj  word  "  rays  "  in  the  last  phrase  may  lie 
uuderstood  to  mean  not  iiuaj^inaxy  lines  at  right  angles  to  the 
wave-front^  but  kinds  of  radiation;  and  hcnco  we  speak  of 
Heat  rays,  of  Light  rays,  of  Chemical  or  Actinic  rays ;  llicsu 
names  being  given  to  one  and  the  aanie  train  of  waves  according 
to  the  oflecta  whicli  it  is  fonnd  competent  to  produce.  But  while 
ether-waves  are  in  cnurse  of  travereinj^  the  ether,  there  is  neither 
lieat,  li^ht,  nor  chemical  decoiH])03ilion  ;  merely  wave-motion,  and 
iransferenoe  of  energy  by  wave-motion.  Hence  none  of  these 
names  can  in  strictness  be  applied  to  a  train  of  waves  while 
these  are  actually  travelling  tlirough  the  ether. 

Etlier-waves  which  differ  in  their  frequency  ditler  to  some 
extent  in  their  degree  of  power  of  producing  the  motion  of  heat, 
the  sensation  of  light,  or  of  duiug  the  work  of  chemical  decomposi- 
tion. All  ether-waves  can  produce  beat,  for  their  energ)'  is  con- 
verted into  heat  when  they  ftdl  upon  and  arc  absorbed  by  such  a 
Bubstance  as  o  thick  layer  of  lampblack,  which  for  the  most  poit 
arrests  and  extinguishes  tlimii. 

The  alowe.st  waves  known — tliose  wliose  frefpiency  is  less 
than  3f)2,O0Ct000,0O()0OO  per  secoud— are  too  slow  either  to 
aJl'ect  the  eye  with  the  sensation  of  light,  or,  in  the  ordinary  case, 
to  impart  to  molecules  an  agitation  brisk  enough  to  shake  them 
to  pieces,  and  thus  to  operate  chemical  decomposition.  Such  slow 
waves,  whose  presence  can  only  be  recognised  after  their  imixict 
by  tlic  conversion  of  their  energy  into  Heat,  ore  called  Dark- 
Heat- Wares.  If  they  fall  upon  an  ordinary  photogiaphic  plate 
they  do  in>t  opcrHte  chemical  decomposition  ;  but  if  the  molecules 
upon  which  they  iinpinge  be  specially  heavy  and  complex,  even 
these  slow  lieat-waves  may  be  found  to  tflss  and  shake  them  wiUi 
briskness  sufficient  to  break  them  up. 

The  waves  may,  on  the  other  hand,  be  so  rapid — above 
757>O0OOOO,OOOO(JO  per  second — as  to  ]>roduce  no  visual  effect 
on  tiie  eye;  the  eye  is  normally,  physiologically  blind  to  Uiem, 
aud  is  unable  to  feel  their  impact;  but  they  may  effect  chemical 
decomposition  ;  their  successive  impulses  may  aid  the  natural  free 
vibrations  of  the  molecule,  which  thus  become  incrcjiaingly  ample  : 
and  just  as  a  resonant  tumbler  into  which  its  own  note  is  steadily 
sung  vibrates,  shivers,  and  breaks  into  fragments,  so  a  molecule, 
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quivering  under  the  steady,  regular,  and  oontinuously  well-timed 
blows  nf  thfi  rapid  etlmr-waves,  mny  yield  and  break  up  into  its 
constituent  atoms,  or  into  groupa  of  atoms,  which  constitute  simpler 
molecules.  Such  rapid  waves  are  called  Invisible  or  Ultra- 
violet Chemical  Eaya. 

The  power  uf  uperatiniL;  chemical  decomposiUun  pusseHsed  by 
tlie  moFti  rapid  waves  depends  upuu  tliair  fret^ueucy  more  than 
upon  their  iiit«iitttty. 

The  slowest  waves  raay  thus  produce  heat,  or  perlmps  chemi- 
cal decern [H>sitiuri  of  heavy  couiplex -molecules  -  waves  of  medium 
rapidity  may  produce  heat,  the  senaatiori  of  lif^ht,  or  cliomicol 
eflect ;  the  more  rapid  ones  may  produce  heat  or  cluimical  effect 
according  to  the  substance  upon  which  they  fall. 

The  invisible  chemical-rnys,  thoujrh  they  can  operate  chemical 
decomposition,  are  yet  of  very  feeble  physical  intensity ;  their 
a^gre^le  kinetic  cnergj'  is,  in  the  radiations  from  the  sun,  as  we 
receive  them  filtcrwl  tlironcrh  our  atmosphere,  millions  of  times 
less  than  that  of  the  slower  rerl  or  dark  heat-rays  :  even  those 
rays  wliich  are  visible  are  effective  not  so  much  in  virtue  of  their 
intensity,  wliich  is  but  small,  as  in  virtue  of  the  extraordinary 
sensitiveness  of  the  eye  to  light — that  is,  to  the  impact  of  ether- 
B      waves  of  a  certiiiii  mnge  of  frequency. 

Colour. — Within  the  limiU  of  visibility — 392  biUiona  to  757 
billiojiB — there  is  an  indefinite  variety  of  int^^gral  and  fractional 
numbers^  each  of  whieh  represents  the  freriueney  of  a  particidar 
kind  of  radiation,  a  particular  kind  of  light.  Hliysieally  tliere  are 
as  many  kinds  of  light  as  there  are  possible  frequencies 
between  the  Ihuita  mentioned..  These  kinds  of  lights  each  physi- 
cally cliarsLcterised  by  the  nundjer  of  waves  which  strike  the  eye 
during  a  second,  are  recognised  by  the  eye  as  being  distinct,  not 
as  the  result  of  any  conscious  process  of  counting  the  mujiber  of 
impulses  suffered  by  the  eye  during  a  second,  which  would  be 
absolutely  impossible,  but  in  consequence  of  the  distinct  and 
peculiar  Seusaliun  attending  the  reception  in  the  eye  of  wave- 
motion  of  each  particiUar  frequency — a  seusation  known  in  each 
case  as  that  of  a  particular  Coloor.  Thus,  when  we  look  at  a 
Bunaen  burner,  the  flame  of  which  is  caused  to  emit  a  dingy -yellow 
light  by  contact  with  common  salt,  we  recognise  the  sensation  as 
one  of  yellow  tights  Colour  is  a  sensation  :  it  is  not  a  material 
1  existence ;  but  the  physical  basis  and  cause  of  the  special  sensa- 

H    tion  of  yellow  light  is  in  this  case  the  joint  simultaneous  impact 
^B    on  the  eye  of  two  kinds  of  ether-waves,  wbicli  have  the  respective 
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rreqiieDciea  of  508.905810,000000  ami  510,004000.000000 
per  second,  or  the  res]>ective  wave-lengths  in  air  of  5895  and 
5889*04  tenth-metrea. 

EiUier  of  these  trains  of  waves  impinging  singly  on  the  eye 
would  produce  a  sensation  of  yellow,  the  slower  one  giving  a 
yellow  very  slightly  more  orange  in  its  tint  than  the  other  does. 
The  term  "  yellow  light,"  which  means  primarily  a  certain  sena*- 
tion,  means,  secondarily,  tlie  physical  cause  of  this  sensation — that 
13,  a  train  of  ether-waves  of  a  particular  frequency.  Any  particular 
colour  ia  hest  specifie^l  by  a  statement  of  the  frequency  of  the 
aiugte  wave-motion,  wliich  can  produce  it  when  it  enters  the  eye ; 
the  analogy  between  light  of  any  given  Colour  and  a  sound  of  any 
given  Pitch  "being  obx-ioua. 

Vlien  there  fall  successively  upon  the  eye  trains  of  light- 
waves which  differ  only  slightly  in  tlieii-  frequency,  the  respective 
colour  sensations  produeeil  by  tlmm  may  resemblu  one  another 
generically,  tliough  not  precisely.  Wtiea,  in  gradual  succession, 
luminous  waves  of  all  possible  frequencies  are  caused  to  strike  the 
eye,  we  obtain  in  successive  gradation  the  sensations  of  all  the 
colours  of  the  spectrum.  The  slowest  waves  wliich  can  affect  the 
eye  produce  a  seuaatiou  of  red,  those  somewhat  more  rapid  a  sen- 
sation of  scarlet ;  then  in  succession  we  find,  a.<»  the  frequencies 
increase,  that  the  sensations  produced  are  those  of  orange-red, 
reddish-orange,  orange,  yellow -orange,  orange-yellow,  yellow. 
greenish -yellow,  yellowish -green,  green,  bluiah-greeu,  greeuisli- 
blue,  blue,  blue-violet,  violet.  Waves  of  still  greater  rapidity 
than  those  which  produce  the  sensation  of  violet  ure  practically 
invisible ;  but  it  must  bu  admitted  that  tliuy  are  nut  per- 
fectly so. 

Even  beyond  tlic  ortlinnrj^  range  of  vinhility  iv>nie  rym  an  aftctcd  liy 
ulcra-violct  tthcr-wavca;  a  Kcneation  of  larcndcr-f^ay  colour  malts:  a 
spectrmn  is  often  seen,  especially  if  the  dispersion  bo  small,  to  contain  thrM 
bright  IhuiiIsi  uf  lavender-gray  in  the  ultra-violet  region.  This  light  i»  in 
inteiiaily  abntit  1-1  £00th  jtarl  at  that  which  aLineA  in  the  name  region  of  lh« 
Mpeclnuit  whtii  it  is  rL'inl«r«i  vinlble  by  fluorescence. 

The  following  table,  morlified  from  Ogden  Hood's  Modtrn 
Chrouiatia,  gives  the  frequencies  and  the  wave-lengths  in  air  of 
the  several  undulations  which  correapond  to  the  several  leading 
colours  of  the  si»!ctrum,  and  to  some  of  the  so-called  Frauubofor 
Lines : — 
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Ftvqsuucics. 

VTBVfl-leiigttH  in 

MdtinMitni; 

Line  A          .         .         .         . 

39&,000000,000000 

■00007604 

Centre  of  red 



■0000  70  00 

Liiw  B 

473,300000,000000 

■00006967 

Un«  a 

467,700000,000000 

■00006562 

CVntro  of  oninxe-wl  ■ 

•>.          •■■          ... 

■00000208 

CuEtre  of  onuiKe 

.••          ■■■          •■• 

■00005972 

Lino  D' 

608,005810,000000 

■000  05  89  5 

Line  D^ 

510,604000,000000 

•00005889 

C'entw  of  oranye-yellow 

...         ...         ... 

-00005879 

CeuLK  of  yelliiw 

..•         •••         li. 

■00005808 

Cciiln;  of  ^TL-en 

...         ...         ... 

-00006271 

Line  E 

a70,oooooo,oooooo 

■00005269 

Line  b  . 

...             ... 

■00005183 

Centre  nf  bhie-p-etn  . 

...              -.-              ... 

•00005088 

Centre  of  oyuu-blui^    . 

... 

•00004960 

Li  IIP  y 

617,900000,000000 

-00004861 

Centre  of  blnii  . 

...             ... 

-00004733 

Ocittre  of  violet-tiliie  . 

-00004383 

Line  O 

607,300000,000000 

■00004307 

Centre  of  pace-violet . 

■• .          •■>          ... 

-00004U59 

Lini^  11, 

760.900000,000000 

-00003968 

Line  Kg 

763,600000,000000 

■OOUO3033 

Wtion  a  source  of  liutt  is  recctlini;;  from  ihe  vyc,  fower  waves  per  wrond 
strike  the  eyu  ;  the  li|^bt  appfoxiniateB  to'n-ards  red.  Conrenely,  llit  li^ht 
of  au  approacliiug  lumiDoitH  object  is.  m  it  wertt,  sharpened  in  pitch,  By 
tliiB  spptictttiuu  of  DcifipUr's  principle,  tliu  ttpced  of  nditlivo  njipmavlt  or 
rvcoiiuon  of  tlie  eiLitli  and  ttumy  fixed  vtiirs  luu  been  lUPtimntvd, 

That  which  we  call  white  light  is,  in  the  state  in  which  wo 
receive  it  from  snch  n  body  as  a  white-hot  bar  of  iron  nr,  jier- 
hnpa  in  its  purest  forni,  from  the  crater  of  the  po-sitive  pole  of 
the  electric  lisht,  a  mixture  of  long  aud  short  waves ;  waves  of  nil 
periods  are  either  continuously  present,  or,  if  ahsent  for  a  time, 
are  absent  in  such  feeble  pr<n>ortioii8  or  for  audi  short  intervals 
that  they  are  not  appreciably  missed  by  the  eye.  "White  light 
of  this  kind  w  comparable  to  an  utterly-discunlaiit  chaos  of  sound 
o£  every  audible  pitch ;  auch  a  noise  would  prudtice  iiu  distinct 
iiupressiou  of  pitch  of  any  kind ;  and  so  white  liyht  is  uncoloured. 
If  a  beani  of  light  of  one  kind,  one  wave-length,  one  colour, — 
homogeneous  or  monoctiromatic  light, — lie  caused  to  converge 
upon  and  pass  throuj^li  a  slit  in  an  opn<}uo  acrocn,  it  may  be 
rendered  parallel  hy  the  aid  of  a  lens ;  when  it  fails  upon  a  screen 
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it  voky  east  upoo  that  screen  a  nJoured  image  of  the  nlit.  If 
the  l^ht,  on  issuing  from  the  lens,  instead  of  being  receiretl 
directly  tipou  a  screen,  be  made  to  pass  through  a  gi&aa  prism, 
the  DiUTow  edge  of  vbich  is  held  parallel  to  the  slit^  it  will  be 
retracted  hy  that  prifim.  and  the  image  »t  the  slit  will  now  be 
fomid  in  a  new  poeition  on  the  screen.  If  a  beam  of  white  light 
be  so  dealt  with,  a  number  of  coloured  images  of  the  slit  will  be 
fonuBd,  each  in  its  proper  place  on  the  screen,  each  image  orer- 
lappiug  its  ueighboar  if  the  slit  be  wide;  there  will  thns  be 
fonned  a  manf-ooloured  liand  of  lights  in  which  the  colours  are 
raaishalled  in  the  order  of  the  frequency  of  their  waves, — tbe 
slowest  waves,  the  ivd,  being  Irast  refracted  by  the  glass  prism ; 
the  qnickest  waves,  the  violet,  being  most  refncted.  Tliis  is  tbe 
spectnun :  evcir  component  of  the  original  wbite-light  is  dis- 
played in  ibe  »tpectruni,  each  in  its  distinct  place ;  and  thus  tiie 
prism  fumisbes  us  with  a  means  of  analysing  light — that  is,  of 
iinding  what  its  components  are. 

But  the  s^tectrum  extends  beyond  the  visible  i>art  of  it ;  the 
more  rapid  invisible  rays,  being  more  refrangible  than  the  violet, 
form  an  invisible  port — an  ultra-violet  region — whiL-b  we  detect 
by  the  phenomena  of  fluorescence  (p.  454j,  or  by  casting  tbe 
whole  spectrum  upon  a  sensitive  photographic- plate,  upon  which 
we  afterwanis  find  a  record  c^  a  re^on  of  the  spectrum  invisible 
to  the  eye;  and  tbe  slower  tlark-heal  rays  fnnn  :iii  invisible  part 
of  tbe  spectrum  beyond  the  red,  the  heat-spectrom  or  ultra-red 
region,  not  visible,  but  demonstrable  by  means  of  any  apparatnt 
such  as  a  thermometer  or  a  thermopile  {Fig.  2 1 2),  which  is  sensitive 
to  heat  If  the  prism  used  be  made  of  quartz,  or  if  the  spectrum 
be  produced  by  reflexion  from  a  diffraction-grating  (p.  493),  it 
%viU  be  found  that  the  lUtra-violet  region  is,  if  tlie  light  analysed 
be  that  of  tbe  electric  arc,  from  six  to  eight  times  as  long  as  the 
whole  of  the  visible  part  of  the  spectrtim ;  wliilc,  if  the  prism 
used  bo  of  glass,  it  absorbs  to  a  remarkable  degree  these  rapid 
ultra-violet  waves.  If  tlie  light  aualysed  be  that  of  the  sun,  tlta 
ultra-violet  part  of  the  spectrum  is  comparatively  very  sliort,  on 
account  of  absorption  by  t!ie  dtinospliere. 

Thb  effect  of  the  atrDOflph«re  U  <t(  extreme  itnportAiice.  Sunlight  is 
originally  briglit  blue,  and  is  extremely  rich  in  the  tnon  rtSnagibh  rsm^ 
but  flItraUuii  UirrKugh  twu  abxnrbriiL  iitmoupbonw — Uiut  of  tb«  eiin  luwt  that 
of  the  vtulb — rendieni  it  o  j*.*llowi»)i.wbit«  (I^nj^li-y).  The  ultra-violet  part 
of  the  spectrum  is  enomiuiuly  brigliter  at  high  altitudes. 

Compound  Colotired  -  Light. — Let  us  now  cast  a  beam  of 
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Biinshinc  or  of  electric  liglit,  shining  through  a  slit  iu  an  opaque 
screen,  upon  a  piece  of  greeniah-bluc.  glaas,  and  receive  upon  a 
white  screen  the  light  wliich  passes  through  tliis  coloured  glass  : 
hy  the  aid  of  a  leus  we  may  obtain  a  greeuit>h-blue  image  of  the 
slit  upon  the  screen.  So  far  as  we  Itave  yet  learned,  such  coloured 
light,  whatever  be  the  mechauisni  of  its  production,  is  a  single 
kiitd  of  light — perhaps  due  to  waves  of  only  a  single  fretiuency  : 
whether  this  be  so  in  the  partieular  case  may  he  tested  hy  inter- 
posing a  prism  iu  llics  ]iath  of  the  ooloun.':il  beam  of  light :  if  the 
greeniah-hluo  liglit  be  houKigetienus,  we  shall  again  have  on  the 
screen  an  image  nf  the  slit,  altered  in  jvosiLliin.  hut  not  in  colour. 
This  is  not  what  we  find  :  a  short  and  imperfect  spectrum  is  pro- 
duced ;  the  transmitted  greenish-blue  light  is  aaalysod  hy  the 
pmm  into  green  light,  blue  light,  yellow  light,  with  perhaps  some 
other  colours,  more  or  less  faintly  represented. 

Thii«  phenomenon  is  wry  Btngular.  It  nhown  that  two  wirlely-diffcring 
physical  caiiKcs  (U«  cupabk'  of  producing  uxaetly  tho  rasne  raloiii^ecnsation  : 
tlio  one  being,  oa  wc  have  alreadj  seen,  tht  impact  of  otbcr-wavca  of  a  single 
ilcSnitc  frequency,  the  other  being  the  joint  impact  on  the  rttina  of  ft  namber 
of  w-uvc-»y»l«mii,  cAcli  mf  which  is  cjijialilp,  if  it  wen;  tii  iicl  iiulrpi-iKloutly,  nf 
]i]Mt)uc.iug  II  (lUtiiicL  M^iimitiiin  ;  tuiil  t.lic  colour'NutiMttiiitj  whii^h  ■»  pi-cnliic^'il 
by  the  joint  aclluu  of  thtac  wavc-Byatcins  may  differ  from  that  which  cliur- 
act^riaes  uiy  one  of  thuin.  It  i^  oa  if  a  liiitcncr  to  concect^^d  luUHJe  wciv  tJi 
bcnr  the  Rtrains  of  a»  oreh^atra  cmupuiintli!'!  into  i^oritt;  t^ort  uf  loud  uiulcily 
of  tLwnigc  iiitcli,  he  hcitig  whnlly  uuuhk-,  hy  bin  uimiilvtt  (.'at,  tti  fuui^^iiisv 
the  rcully  cumpouiitl  imturu  of  tbo  sound  hciinl  Ly  Uim.  Then,  wliellier  tlm 
iu&trunieitts  ull  playL-J  iit  unison  or  diverged  into  pn!-calnH]aterl  hamMny,  the 
offect  on  hiii  ear  inighb  remain  tlie  Nime. 

Further,  ninny  such  mixtures  niny  produce  ib«  wmc  appaivntly  .Mmplp 
senwilion  ;  and  acixprdinRly  siii-h  a  \>i\rait  as  ''grvcti  li^ht "  or  "  viulc-t  light " 
is  perfectly  >-agi)c,  imh-ss  it  In:  necMinpanicd  by  u  specification  of  its  physical 

Complementary  Colours. — The  greenish-blue  glaas  in  the 
instance  just  alhidcd  to  has  in  whole  or  in  part  prevented  the 
transmission  of  violet  light,  of  i-ed,  of  orange,  and  of  other  kinds 
of  light  which  are  present  in  white  sunlight ;  the  complex  of 
uuduhitiotis  thus  denied  transmission  would,  if  collectively  allowed 
tu  impinge  on  the  eye,  have  prixluced  a  single  aensaliou  of  red 
light.  If  this  compound  red-light  had  not  been  obstructed  hy 
the  coloured  ghisi^,  the  transmitted  beam  would  have  been  white ; 
this  compound  red-light  thus  ohatnictcd  by  the  greenish  glass, 
and  the  compound  greenish -light  transmitted  by  it,  will  pass 
together  through  a  piece  of  clear  glass,  and  will  together  produce 
tho  aensation  of  white  light.      To  the  eye  it  is  a  matter  of 
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imUfierence  whether  the  red  or  the  greeiiish  light  be  monochro- 
matic or  compound  ;  monochromatic  red-light  and  monochromatic 
<,TeenLsh-blue  lii^ht,  allowed  to  fall  uffon  the  some  spot  in  the  eye, 
will  min^'le,  and,  if  tlicy  bo  of  the  proper  tint,  will  produce  the 
compound  sensation  of  white  light.  These  cnlours,  red  nnd 
greenish-blue,  each  of  the  proi>er  tint,  are  thus  Complementary 
to  one  another;  together  they  make  u])  white  light 

The  following  pairs  of  coloura  are,  among  otliuTVy  Uiub  cotiiplciucnUry  to 
one  annther  :^Red  and  il  VRrj*  p-etniRli  blue,  oranpc  and  cyau-Wuc  (a  tBtber 
gtvenii^h  blue),  yellow  jmd  iiUrftmariTie  blue,  grcenish-yellnw  and  violctf 
green  nnd  "purple,"  liic  luttcr  Ix^iiiK  a  colour  not  in  the  spectrum,  but 
foraiicil  by  the  KUperiiOBition  of  blue  nnd  red. 

The  expression  "white  light"  standing  alone  is  thus  also 
wholly  vagtie ;  physiologically  it  means  light  which  producea  the 
sensation  of  white;  physically  it  may  mean  (1)  a  mixture  of  all 
possible  light-waves,  long  and  short,  ui  certain  proportions,  or  (2) 
a  mixture  of  two  complementary  simple  coloors.  or  (3)  of  & 
simple  colour  blended  with  a  compound  one  of  any  degree  of 
complexity. 

The  white  Ught  of  minlight  «t  sea-level  is  made  up  (A'^ieTonlt  and  Rood) 
by  a  mixtme  (  s  1000)  of  the  folluwiit};  culiiurcd  li^lits  : — Red,  &4  ;  OrouKe- 
rwl,  140  ;  Omnye,  80  ;  Orinig«-yplIow,  111;  Yellow,  64  ;  Grcenifih-yellow, 
206;  YKllowiah -green,  121  ;  flteen  and  hlue-gwcn,  184;  Cj-an-blue,  3S  ; 
Blue,  40  ;  Ultm-marine  and  lilue-violet,  20  ;  Violet,  5, 


Radutiovs  ok  a  Hot  Body. 

Tlie  hotter  a  body  the  greater  the  intenaity  of  the  a;,'gregatc 
disturbance  which  it  sets  up  in  the  ether;  and  further,  the 
greater  the  frequency  of  the  most  rapid  components  of  that 
disturbance.  A  white-hot  iron  hall  is  visible  in  a  dark  room ;  it 
emits  dark  beat-rays,  liglit-rays,  and  also  the  rapid  ultra-violet 
lays :  it  can  be  seen  and  photo^Taphed,  and  its  wannth  can  bo 
felt  at  a  distance.  If  it  be  intensely  hot  it  may  emit  so  great  a 
proportion  of  violet  and  blue  light  that  it  appears  bluish ;  it  ia 
"  blue-hot" 

As  it  cools  down,  tlie  more  rapid  vibrations  die  away ;  the 
ultra-violet  waves  cease  to  be  formed ;  the  mass  becomes  some- 
what less  easy  to  photograph  by  its  own  light.  Gradually  the 
violet  rays  cease  to  be  eniitted :  the  light  radiated  is  now 
apparently  tinged  with  yellow :  the  apparent  colour  becomes 
orange,  then  red  ;  a  body  at  a  red-heat  is  difficult  to  photograph, 
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tliougli  it  continuca  perfectly  viaiblo  in  the  dark.  Wlien  its 
temperature  siivks  to  n  point  Iwlow  525°  C,  it  ceaaea  to  mdiate 
light  and  bGcomes  invisible ;  it  continues,  however,  to  nuliate 
lieat,  as  may  be  felt  for  some  time  by  the  cooler  hand  placed 
near  it 

Bi.'ci)iii;ix>]  iu«ert£  lliat  if  tbfl  brightness  of  tliv  liylit  Kiveii  Jiut  ^y  a  bmly 
lit  500"  C.  bn  equftl  to  I,  at  1000*  C.  its  inteneity  is  100,  ami  »t  1500"  it  ir 

10,000. 

It  never  ceases  to  radiate  heat;  it  could  not  cease  to 

do  80  unless  it  were  cookd  down  to  absolute  zero.  Since  the 
molecules  of  all  bodies  arw  iu  repeated  collision  with  their  fellow- 
uiolecules,  as  tliuy  rebound  at  each  collision  tlioy  shiver  and 
they  vihnite.  They  must  therefofe  coiitiuuouely  originate  ether- 
waves — waves  "which,  when  the  temperature  of  the  body  ia  below 
525"  C,  are  too  slow  to  iifTect  the  eye. 

Exchange  of  Radiations, — Two  bodies  placed  opposite  to 
one  anutlioi'  with  intei-veiiing  ether  of  which  we  cannot  get  rid, 
and  with  or  without  intervening  air,  may  present  the  two  follow- 
ing coses :- — 

1.  Both  may  be  of  the  same  temperature,  in  which  case  the 
one  loses  by  imparting  to  the  ethur  exactly  as  much  energy  as  it 
takes  up  itonx  those  ether-waves  which  strike  it,  having  been 
originated  by  the  other  hot  body ;  wliuuce  two  bodies  equally  hot 
excliHiige  their  energies  by  radiation,  but  do  this  to  «ti  equal 
extent,  and  there  is  thus  no  change  in  their  relative  temperatures. 

2.  The  one  may,  on  the  other  hand,  be  hotter  than  the  other. 
Tlie  hotter  body  seta  up  a  more  veheuieiit  system  of  etber-M^aves 
than  the  colder  one  can ;  in  doing  tliis  it  expends  its  energy  to  a 
gi'eator  extent  than  tlie  colder  one  does ;  the  hotter  loses  more 
energy  than  it  gains ;  the  colder  gains  more  than  it  loses ;  in 
course  of  time  their  enei^ee,  and  therefore  their  temperatures, 
become  equal :  when  the  temperatures  have  become  equal,  though 
the  two  brtdies  stiU  go  on  inijiarting  energy  to  each  other,  neither 
profits  by  the  exchange,  and  their  teraperatutes  remain  equal. 

The  absolute  amount  of  radiation  of  energy  from  a  body  does 
not  depend  on  the  condition  or  even  on  the  presence  of  surround- 
ing objects,  but  solely  on  tlie  condition  of  the  body  itseli^  It  is 
easy  to  see  that  the  absolute  physical  brightuesa  of  the  sun  or  of 
a  candle  is  at  any  moment  independent  of  the  presence  of  illu- 
minated ohjecta ;  it  is  not,  however,  at  first  sight  so  clear  that  a 
fire  not  only  wanna  a  room,  but  the  room  also  warms  the  fire ; 


Wboi  9m  badf  u  smoanded  by  uatfaer.  tfe  tedy 

;  die  «alb  oC  the  eMdosm  cane  to  Imto  tbe : 

A  tlKiMMier  wkae  balb  m  immenrd  im  ■  csTftr  will  ooom  so 

iadictfe  Uw  teapcBiHR  of  the  waUs  of  tfae  csTitr,  TfaeClMr  it  be 

.  Titb  thcB  flr  aot     Tbm  eq;n£mtitm  ot  ttmfanltnn  hj 

qsite  mJefeoint  at  the  fccm  of  tk  walk  of  the 

9^fg^      caritT ;  a  eariqr  «f  aaf  fann  acts  ia 

Uw  aame  wqr  as  a.  ^ihwtfal  carn^ 

woaid  do.     Ib  figure  154  tbe  ut»- 

galar  bollow  body  ABC  smroonds  a 

body  E;  both  E  and  ABC  a»tune 

after  soae  time  a  commoa  tempex- 

atma,  aad  nmam  at  ao  equal  l«iii- 

pcntwe.  ~ 

TV  tiRgakr  body  ABC  ai^  Iw  n- 
pUod  bjr  tite  haOov  ipbefMaUody  FGH, 
«r  bjr  the  boOow  iflMR  KLIL     Proa  tim 
'  watmB&t  faOavtag  pwfXMilimM. 

I.  TW  mmnaal  of  oMSgf  WMiTtd  hf  a  i»uw»mk  mribca  lb«  aaKMOt  at 
hmt  naandf  A«  bn^tucM  of  lig^  Umiw — Tann  iarcaelT  m  tke  •qotiv  of 
ttw  drtlMwt  bvBtlMaovne  ofndiatioa.  Tbe  »iT«iUpf  of  exbmaivci 
INHMMed  17  llw  hrga  iphcn  KUI  i*  uacUy  Beatnlknl  by  iu  thamivaHage 
cf  AtaatBB ;  its  fofwe  ii  gmakf.  tbe  tadiaticai  waeiTOd  by  it  per  vntt  uT  ana 
ii  1am,  both  ia  tbe  mki  of  tbe  iqaata  of  tbe  ndi^  aad  tbe  lotal  nMUattoo 
WwiwJ  by  it  u  tbe  mmt,  wbatera-  be  hs  radiw. 

A  CHtila  at  tbe  '****-*■—  of  1  foot  mn  JUamivaUm  a  printed  page  m» 
bffigbtly  ■•  a  SA-cmHe  ^B-bnraer  at  a  <!■«■«<«  al  S  CmL 

A  bv%lil  w«n  M  e^nally  brip^ht  at  all  distasMS  wben  looked  at  tbramgh 
a  aMRMT  tabc.  Ckaw  si  baml  it  appeam  brighter,  but  Um  of  it  can  be  snm ; 
at  a  dklum  it  appeam  (limmrr,  Init  nore  of  it*  toAoe  can  b«  arra  ;  in  all 
caaea  tbe  aMnautt  of  light  Uling  oa  a  given  area  of  tbe  rt^na  i>  tbr  mme. 

1;  Wbea  a  plnte  waTC  wboae  ana  is  AB  strikM  nqnanly  aad  mnral- 
tnwooilT  aD  pot*  of  a  swCMe  wboae  ana  u  slso  AB — tile  nonnsls  t«  tin 
wave  beJDs  also  nonuMln  to  tbe  reoeinii)'  mriaoe  —  tbe  reueiviug  sorfaoe 
icooiTB*  a  oixtaia  aniuUx  of  units  of  eaergy  per  w«oad.  In  Fig.  169  AB  is 
a  bat  or  brigbt  body  laHliatiin;  etber-nrares  towards  CD ;  CD  reeein-s  «  untu 
of  eaerKy  per  neond  per  nait  of  its  ana. 

If  tbe  rMorisg  aufiwe  be  tilled,  ny  into  die  porilka  DE,  tbe  wave- 
frootf  Kriktag  obliqoely,  is  now  aUe  to  cover  tbe  larjrer  mrCKe  DB  ;  tui  nuua 
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of  ll]»  n^av••  can  now  reacli   DE  tJinn  wmild  pKviously  hav«  resflKvl  CD. 
Tlie  same  quantity  of  enersy  is  tliui  ilintributeii  over  a  larger  Burfnce  :  the 


8"^ 


(juiuitity  nf  GiiL-T^  communicated  to  it  per  unit  of  iu  nren  U  iliiiiitiudml 

CD 
in  tUo  mtio  ^~_j  or  i»  equul  to  (f  x  cos  CDE)  unit*. 

In  noctirHiiiicc  with  tlii»  thp  int<'naitT  nf  (tiinlififit  al  noon  is  gpcator  than. 
HnriDK  the  imrlicr  and  latt-r  ]Ktrtionn  of  tiu\  tUy,  whon  the  surface  af  chi-  i-arth 
is  pmtcQtcd  obliqui^ly  \o  the  sud'a  iiuliulian. 

3.  Lei  AB  receive  energy  fri*!!!  CV>  or  1>E  ;  (hen,  wliethcr  tL*.-  surface  be 
the  fltnallw  f'L>  vvitiniUy  facing  it,  or  tLo  Uixcr  DE  orrsugml  oUiqiit-ly,  is  a 
uiattvi-  of  iiii3iirun.'iii:u  ;  in  uittier  va«c  ihvtv  will  Imj  nvlintvU  luwiLnii;  AB  thi! 
Hiiuu  iLiuuiint  of  fiiiu'yy.  UK  llieivfuif  ru^liatt-e  towiirda  AB  in  llie  (lin:ctioii 
1>B,  lu'M  tntrgy  jh-t  unit  trf  iis  aurfucf  than  CD  dtfca  m  thiit  dircttif-n  when 
equally  heated,  and  that  in  th(<  ratio  of  coa  CDE  :  1. 

Wem  thifl  nut  Rn,  and  did  a  hot  Hurface  radiiit'!  t-qimlly  in  nil  diivdions, 
then  a  hody  pW^wl  within  a  hot  cncliwurc  might  hccniim  hotk-r  than  the 
walLi  of  thai  (.'ncloHiro. 

This  principle  fxplninfl  the  apparent  unifoniuty  of  brightneM  of  the  aun'a 
disc.  Towards  tho  mnrpin  of  the  sun'e  apparent  disc,  areaa  whieh  Be<!m  equal 
to  umilar  aivitu  iifiir  tlic  c<;iitn!  aiv.  in  cvality  iimch  Litter  ;  hut  vre  fvv  tUem 
ohliqudy  ;  Uieir  hiryet"  ouiwrfitial  arva  i-xuctly  coniptrn^lvs  (bv  effect  uf  tlieir 
ohlique  wp^'cl. 

The  law  just  stated — that  bodies  arc  always  radiating  and 
receiving  enerjo' — that  the  amount  of  radiation  depends  on  the 
temperature  of  the  radiating  Iwdy — that  at  conatnnt  teiiiper- 
attircs  bodies  radiate  as  much  euerjjj  as  tliey  receive — is  kiniwii  a» 
Prevost's  Law  of  Exchanges.  From  this  it  follows  that  good 
radiators  are  good  absorbents,  and  conversely,  good  ahsorbenta 
are  good  radiators. 

If  a  lu)t-wal<;r  vcnttil  he  intended  t')  retain  its  hoot  for  a  compiutttivvty 
]oag  periwi  in  the  ojwn  air,  it  iimst  ht  polished  externally  ;  ft  pnlJHhc-il  juirface, 
bcinfj  B.  good  reflector,  is  a  bad  absorhent,  nnd  ta  thewfnrc  a  kul  riidiator  ; 
while  a  blackened  siirfacr^,  being  a  good  ah«orIjeiil,  im  good  nidJnlor,  and  heiit 
ii  with  comparative  rapidity  lost  llirou^li  it  coAting  nf  lainphUiok,  pfivided 
that  it  be  not  so  thick  aa  tn  iinpisdu  cunductiiiu  nf  heat  to  the  siir^e. 

Prevost's  Ijiw  is  not  only  true  of  the  aggregate  energy  gained 
or  lost  by  a  body  through  radiation  ;  it  is  also  true,  aa  Balfour- 
Stetrart  has  pointed  out,  with  regard  to  each  ijailicular  form  or 
kind  of  radiation  by  means  of  wliich  enci^gy  may  be  conveyed 
between  neighbouring  objects. 
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If  a  piece  of  yvllow  gla«»  be  placvd  within  s  hot  shell  qf  iron,  llie  glam 
and  the  iron  nmy  botti  thiiw  hy  ihcir  owd  Li^lil,  aiul  tbe  glow  may  be  looked 
at  tLrvtigli  u  miuutc  uiH-rtun  iii  tliu  wull  of  the  liuUuw  shell.  Yellow  gUas 
BljForl«  ultnLuiarinc  litrht,  and  a  wliite-hot  object  looked  iit  through  it  appean 
yelloH-,  provided  that  tho  jilaBu  1>c  cohler  thitn  the  source  of  tlic  while  lif^ht ; 
but  when  thf.  yellow  glivut  is  itBelf  as  hot  as  the  aaurce  of  whit<>  li(;ht,  uh  it 
,  niiut  be  in  thLi  insUincc,  in  which  we  look  thronf^  the  white-hot  gloM  at  the 
white-hot  wall  of  the  iron  »)i<'ll,  the  glftM  8ecm»  pcrfi-ctly  truiKpArent  to  the 
whole  white  lij^ht, — a  phc-nonienon  which  may  be  inlerpwtt-d  «m  sihowing  that 
whiti-  the  f^lttm  only  truMmit^  yollow,  it  itself  radiates  blue,  li};hl  ;  the  feggre- 
y»ttf  rudialion,  the  tranBmitted  yelluw  and  the  nwliattd  blue,  pnoducinfi  in  the 
eye  an  a^^^gale  effect  of  piirv  white.  If  the  yellow  glaa^  be  hotter  thaii  tht- 
soutve  of  li^ht  behind  it,  it  aeirrim  rvlatiwiy  blue,  Thi.*  conclunon  is,  that  la 
yelbiw  glaw  abmirbs  bUie  li)jht,  iw  when  itwlf  h«it«d  it  mdiatea  blue 
light. 

Stokes's  Law. — A  body  whicli  ahsorba  any  particular  kind  of 
radiatioii  will  iu  goiieral,  wlieii  lieated,  lieccmu*  a  source  of  radia- 
tion  of  tlie  same  kinil ;  just  as  a  ivsonutor  will  impart  to  tbe  air 
wlieH  it  viljmtea  tlie  same  kind  of  soutitl  of  wliidi  it  niay  rob  the 
air  when  it  is  relatively  ut  resL 

If  a  screeu  of  strings  tunedj  say  to  the  note  of  «,  be  arranged 
between  n  sounding  a.  organ-pipe  and  a  listener,  the  latter  will 
hear  compamtivL-Iy  little  of  the  stmnd  produced  by  tbe  pijje ; 
by  resonance  the  strings  have  taken  up  the  cnersy,  and  have 
converted  part  of  it  into  heat.  If  a  mixed  sound  were  produced 
on  the  further  side  of  such  a  screen,  the  sound  of  tt  would  not 
be  transmitted  to  the  listener ;  the  rest  of  the  mixed  sound 
■would  be  heard  by  hiiu. 

When  mixed  ether-waves  strike  a  system  o£  molecules  of 
which  some  ai'e  tuned  to  particular  freijueucies,  tliose  molecules 
will  take  up  the  energy  of  vibrations  of  those  frequencies:  the 
body  will  appear  to  be  opaque  to  the  corresponding  waves. 

Prom  the  reciprocity  of  absorption  and  radiation  it  follows 
that  if  a  given  substance  he  divided  into  portions  of  which  the 
one,  A,  is  hot,  while  the  other,  H,  is  pomparatively  cool,  radia- 
tions from  A  will  !«  absorbed  hy  B ;  the  cooler  portion,  B,  is 
opaque  to  radiations  from  the  hotter  portion,  A.  Tims  if  car- 
Iwnic  oxiilc  be  bnmed,  its  flame  contains  hot  carbonic-acid ;  the 
radiations  from  such  a  flame  cannot  pass  through  pure  carbonic- 
acid,  and  are  checked  in  very  large  proportion  by  air  contiuning 
even  a  verj-  small  percentage  of  that  ^'as. 

A  hydrogen  Hauie  contuins  hot  oqueouft-vspour  ;  the  heat  radiAted  from 
thif^^-eiy  iilow  dark  lietit-wavwi^cajitiot  paaa  through  aqnoniii  rapour  : 
in  thin  way,  tut  Prof.  Tyiidall  hjia  iihowii,  while  the  min's  light  and  beat 
can  readi  Uie  eftrthV  mirface  through  thtj  humid  utino«phf-re,  their  effect  ia  to 
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warm  lli«  Wirlh  lunl  rmiw  it  to  iiiyhIuci-  »1(iw  ti»vt«  of  <lnrk  liwit ;  tlicw 
reeemiile  in  frrJiuL'iicy  tliv  wuvck  prfutiiccd  by  hot  iu)UM>iu-VB]iuiir  in  a 
bjtlrogen  Banic,  an>j  they  c&nnot  [huh  Kway  throuKli  th«  nqiieoiis  vapour  of 
the  atnioaphere.  Tlie  ntmosphere  IIiiih  acU  aa  a  kintl  of  IiKat-trap,  and  the 
surfK^'V  vf  the  parth  is  preserved  ii-m  extremes  of  coM  proJuceil  \>y  excewive 
radtutiutL  But  for  tlie  atnicaphcrc  the  cortb'B  tbiuiMmluru  would  be  below 
-  4S*  C,  vwu  uiitlvr  tlie  viriiuil  ntyit  of  a  tropiml  huh  (LimglL-jr). 

liiiming  sodium- vapour  emits  a  particuiar  yellow  lij;ht ;  if 
looked  at  tlirough  a  mass  of  sodium- vapour,  it  can  hai'dly  be 
seeD  ;  sodium -vapour  absorbs  ttie  liglit  given  out  by  hotter 
aodiiun -vapour.  Kven  though  light  of  that  particular  kind  do 
not  liappeu  iu  any  particular  instance  to  have  beau  eiuittt-d  by 
burning  sodium,  if  the  attempt  be  made  to  transmit  it  through 
soiliunj-va|joiir,  the  sodium -vapour  will  Iw  found  opaiiua  to  tliat 
kind  of  light.  If  au  electric  lamp  ]irnditce  a  beam  of  light  which 
contains  amongstl  ulJiers  this  particular  kind  of  lights  and  if  a 
spirit  lamp  have  salt  (NaCl)  plauml  in  its  wick  so  that  it  gives 
out  this  particular  yellow  light,  this  denoting  that  th*.'  spirit-lamp 
tlnnie  containa  incandescent  sodium-vapour;  and  if  the  electric 
arc  be  looked  at  tlu-ough  the  spirit-lamp  flame, — then  the  colour  of 
its  light  would  appear,  if  the  I'ye  were  sufticiently  sonaitive,  to  be 
altered  ;  it  ia  bluer ;  the  sodium-yellow  light  of  the  electric  arc  ia 
absorbed  as  it  passes  through  the  comparati%'ely  cool  spirit-lamp 
flame,  which,  by  ita  own  comparatively- feeble  radiation,  does  not 
repair  the  damage  done  by  it,  and  the  light  which  liui;  pa^ed 
through  the  spirit-Hamo  is  comparatively  (nyt  absolutely)  wanting 
in  ttiat  parliculai'  kind  of  yellow.  The  beam  may  be  made,  after 
passing  through  the  sudium-vtijmur.  to  traverse  a  slit  and  u  prism, 
and  thus  to  form  a  speelmm  on  a  screen.  It  will  be  found,  if 
this  be  done,  that  the  spectrum  is  discontinuous;  at  the  place 
where  the  particular  yellow  light  ought  to  have  beon  found,  and 
would  have  been  found  had  no  spirit-lamp  ilamo  intervened,  wo 
find  a  dork  line — a  daric  image  of  the  slit,  which,  if  the  slit  h« 
fine  anil  the  focussinfj  accurate,  is  found  to  he  a  double  line  ;  a 
line  not  abs4)lutely  lightless,  hut  shining  with  the  comparatively- 
feeble  rays  of  the  spirit  lamp,  and  therefore  dark  in  comparison 
with  its  environment.  If  the  temperature  of  the  spirit-flame  be 
increased,  the  dark  line  brightens  up ;  if  the  temperature  of  the 
absorber  be  equal  to  that  of  the  source,  there  is  no  dark  line ;  if 
the  temperature  uf  the  absorber  he  higher  tliau  that  of  the  source, 
more  of  the  parLienliir  light  ts  emitted  than  is  abe<urbed  by  it,  and 
the  line  is  relatively  bright.  The  prism,  which  resolves  any  com- 
pound light  into  differently-coloured  linear  images  of  a  sLit, — 
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images  which  stand  sirfe  liy  side  so  closely  as  to  Slend  into  one 
another,  but  any  defect  or  redundancy  of  brightness  in  any  one 
or  in  any  group  of  which  can  be  at  once  detected, — offers  a  more 
delicate  meaiia  of  invMtigation  than  the  eye  can  aflbrd.  In 
Spectnun  Analysis  a  priam  or  a  tlifTraction-gnitiug  is  used  to 
dis]mr»e  iiilu  a  ^iieclruui  Lhu  Ll^lit  whiuli  jiassuji  tliruugh  a  narrow 
slit  from  a  hnuiiious  Ixidy ;  by  inspection  of  the  spectrum  we  can 
at  once  sec  what  kinds  of  lij,'ht  are  uutitted,  and  what  kinds  arc 
not  emitted,  by  a  liuulnous  body.  Hut  the  kinds  of  lif;ht  emitted 
by  incandescent  substances  are  generally  (since  they  depend  on 
the.  vibrational  frequencies  of  the  molecules  of  the  snbstances) 
diatinetivoly  chamcti;ristic  of  each  chemical  element,  and,  to  a 
certain  extent,  of  eatih  physical  state — of  each  dej,'ree  of  temper- 
ature— of  the  incandescent  substance. 

The  specti'uni  of  the  limelight  is  continuous;  that  of  the  sua 
is  not  It  presents  dark  lines;  among  others,  the  double  sodium- 
line :  the  pi'esonce  of  this  indicates  a  bright  central  source  of 
light,  a  hot  region  of  the  sun's  atmosphere,  coutainirig  incan- 
descent Bixliuui- vapour,  the  light  from  which  is  absorbed  by  the 
cooler  sodium-vapour  in  liie  upper  and  cooler  regions  «if  the  same 
atmosphere.  These  lines,  discovered  by  Fraunhofer,  and  namttil 
after  hire,  are.  distinguished  by  letters;  and  the  bc-st-marke*!  of 
the  immorons  Fmunhofor-Hnea  are  known  as  A,  R,  and  C  in  the 
i*eil,  1)  {a  double  line)  on  the  orange  side*  of  yellow,  K  in  the  green, 
V  in  the  blue.  O  at  tlie  beginning  and  H^  ami  H.^  near  the  end  of 
the  violet.  The  position  of  any  colour  is  often  roughly  specified 
by  stating  it.s  proximity  to  one  or  other  of  these  yrautihofor-lines. 

When  the  body  radiating  energy  consists  of  a  ga-s,  each  mole- 
cule, as  it  proceeds  in  its  free  path,  executes  free  ^-ibrations,  like 
a  vibrating  tuning-fork  thrown  through  the  air;  and  the  mass 
thus  vibrating  may  impress  iipon  the  etlier  ouly  one  kind  of 
vibration,  or  perhaps,  if  the  structure  oE  the  vibrating  molecule 
be  complex,  a  large  though  not  an  indeGntte  number  of  simul- 
taneous oscillations  whose  frequencies  may  or  may  not  Iw  com-, 
meusumblc.  Thus  a  white-hot  vapour  may  emit  only  a  te% 
distinct  kinds  of  light,  and  may  prodnee  a  Une-spectrtLiD' 
spectrum  consisting  of  a  few  isolated,  linear,  diversely-coloure; 
images  of  the  slit. 

A  wry  rate  gEs  may  emit  very  little  h«at  or  light  even  at  nic}i  tempera* 
liiri'M  1L8  1.100*  ('. :  gasen  are  bud  raJiatora.     The  outar  uliell  of  a  flame 
ii'iu-liiniiiiuujt,     Vapount  are  iieaier  LLt^ir  points  of  Uiiui^rtLctiuii  Uion 
orv,  and  aro  better  nidiatur*. 


xv.l 


SPECTKTJM  ANALYSIS. 


447 


When  tlic  particlca  arc  eo  close  together  an  to  have  no  free 
path,  or  Imt  a  small  one,  they  very  frequently  colliilo  nnd  re- 
hoiinc],  and  thus  vibrato  in  an  irrejjular  manner;  no  rate  of 
vibration  is  long  enough  absent  for  the  eye  to  detect  its  absence. 
From  the  radiations  of  an  incandescent  solid  or  liquid,  no  kind 
of  radiation  appeare  to  be  alweiit  up  to  the  most  i-apid  which  is 
given  out  by  the  incandescent  body  ;  and  the  spectrum  of  such  a 
iKiJy  is  cODtinuous,  so  far  as  it  extends.  It  is  not,  however, 
necessarily  equallj-  briyht  throughout,  for  diUynuum  and  yrbium 
oxides  give  well-mai-ked  bright  bands  in  the  spectrum  of  the  light 
wliich  tliey  emit  while  incaiidcsc«nt. 

If  a  heattid  gas  or  vapour  be  cumpreiised,  the  shocks  bulwecD 
its  molecules  become  prujxirtiouately  more  numerous :  if  its  tem- 
perature be  increased,  the  energy  of  each  shock  becomes  greater  ; 
in  cither  of  these  cases  the  vibrations  of  tlie  molecules  tend 
towards  irregularity  and  complexity  ;  and  there  may,  in  addition 
to  the  main  free-vibratiou  uf  the  iiiulecules— whidi  is  well-marked 
iP  thorn  bo  any  appreciable  free  path — be  a  number  of  additional 
vibrations  of  all  or  of  many  frequencies:  a  condition  which  is 
indicated  by  the  bmndening  of  tlii;  lines  in  a  linear  spectrum 
of  a  ga-s  into  tlie  Ixinds  of  a  band -spectrum.  As  pressure  is 
relieved  Uie  spectrum  mei'ges  into  that  of  an  ordluary  incandes- 
cent gas.  or  ou  the  other  hand,  as  the  pressure  is  inci-eased,  into 
the  Continuous  &]feoLrum  of  an  incandescent  liquid  or  suhd. 

Contititiity  between  the  gaseous  er  vapouruus  and  the  liquid 
states  is  thus  indicated  un  an  iudepuudeut  ground. 

Light  frnrn  inrjiTidrKflnt  wilids  or  liqtiirla  travclfl  from  aomp  dielancc 
wilhin  tlie  wirfftc-e  ;  for  it  i»  polarii*rfl  nt  riglit  angles  to  llii-  ]il.ine  of  in- 
cidence ;  this  shows  that  it  hiw  Iwcii  M-fnttloi)  irii  its  ontwiini  pAs»uge  tlirniij.'h 
the  dRrfjtci;  of  the  iucnndcscciiit  body  uurl  into  thi-  itircr  surTo;iudiiig  niuiliiuu. 
Light  from  iocandeB>:«Qt  gaB«9  »  cot  poUriaetl  ;  eunliglit  i>  not  poluhsed  ; 
!lienc«  Bunligbt  is  due  to  iDcandesccDt  ga»  or  %-apntir. 

Variations  in  Che  light  emitbed  by  one  and  tlie  i^^ime  sub- 
stance under  diflerent  conditionB,  and  therefore  in  the  spectrum 
of  that  light,  serve  to  indicate  molecular  changes  iu  the  substance 
which  radiates  light.  Salts  have  a  diil'erent  mode  of  vibration, 
and  therefore  a  different  spectrum,  from  their  component  elements; 
beat  or,  if  heat  fail,  a  dischaiige  of  high-tension  electricity  ■will 
break  them  up  into  their  elemcnta.  T^ven  the  elements  are 
reduced  to  comparatively-sinijde  fonns  of  aggregation  by  high 
temperatures;  their  continuous  spectrum  breaks  up  into  one  of 
bands ;  a  still  Mgher  temperature,  such  as  that  of  a  high-teusion 
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elDctric  spark  If  other  means  fail,  convcrta  the  spectrum  into  a 
line  spcctruin, — tlic  lino  spectra  liein;^  pcr]ia|w  clue  to  ntoms,  the 
linnd  spLictm  to  molecules.  The  spectra  of  the  same  suhstauce 
at  different  temperatures  are  often  reinarl^ably  dissimilar. 

At  temperatures  beyond  our  i-eacli,  such  as  those  of  suiue  of 
the  fixed  stars,  or  the  lower  levels  of  the  sun's  atiuosphore — the 
high  temperature  of  whicli  may  be  iufen-ed  from  the  j^reat  amount 
of  the  highly-refraagihle  i-aj's  emitted  by  thi-m — this  elements 
themselves  may  he  broktju  up  and  reduced  ti>  simpler  forms  of 
matter.  This  leuds  prubahility  to  the  helief  that  the  various 
elements  are  mudifitations  uf  one  kind  t»f  inatUsr — a  belief  some- 
what strengthened  by  numerous  eoineideucies  between  the  linos  of 
the  spectra  of  diflerent  elements. 


I 


I 


TiiAssMissioy,  Rrf[.kxio?i,  asd  Ausohption. 

When  ether-waves  fall  upon  ii  traiiBp&rent  body,  they  pass 
thrangh  it:  tliey  are  propagated  tlinmgh  the  ether  which  lies 
Iwtwccu  the  molecules.  When  u  body  is  thus  pervious  to  light 
it  is  specially  said  to  be  transparent;  when  pervious  to  dark 
heat  it  is  said  to  be  diatKernianous. — no  special  term  being 
used  to  denote  transparency  to  actinic  radiation.  A  body 
impervioits  to  light  is  opaque,  iniper\'tous  to  dark  heat  it  is 
adiuthermaiious. 

A  ijerfectly-tmnspatent  body  is  iuviaiblo.  Colourless  thin 
glass,  with  a  dustless,  polished,  clean  surface,  approaches  this  char- 
acter: objects'  arii  seen  beyond  itj  and,  as  we  say,  ilu^ugh  it: 
they  appear,  if  the  glass  be  thin,  inappreciably  distorted.  Light 
may  he  reflected  from  the  polished  surface  of  glass,  and  the  pre- 
sence of  the  gla.s3  may  thus  be  rendered  manifest  to  one  standing 
in  a  particular  position ;  the  sun  shining  on  the  windows  of  a 
distant  house  makes  the  window-glass  visible. 

If  glais  be  ronghened  at  its  surface,  it  presents  numerous 
&cet8  which  reflect  light  so  as  to  make  the  glass  visible  in  all 
directions ;  and  light  passing  through  it  is  irregularly  turned  out 
of  its  path  iu  all  directions;  objects  beyond  cannot  be  seen  dis- 
tinctly, though  light  can  pass  through  the  whole  mass,  and  rvugh- 
ened  glass,  though  not  perfectly  tmnsparent.  is  translucent. 

When  glass  is  powdered,  the  powder  pceseuta  so  many  facets 
and  re'tlects  so  often  the  light  which  falls  upon  it  that  the  whole 
is  practically  opaque:  it  is  a  powder  which  rcHecta  in  every 
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direction  the  light  incident  upoa  it — in  white  light  a  white 
powder,  in  red  light  a  rud  powder. 

When  ether-waves  of  any  kind  impinge  upon  a  hody  impervi- 
ous to  them  their  progrcsa  is  nxreatcd ;  in  part  thoy  aro  Tcflocted 
or  scattered  ;  in  part  they  are  absorbed  by  the  impervious  body; 
the  ether  loses  energy,  ordinary  matter  gains  it,  and  the  imper- 
vious body  is  heated  to  an  extent  corresponding  with  the  amount 
of  energy  alworbed — tliis  heat  being  iirat  communicated  to  the 
superficial  layer  of  the  IxkIj. 

If  ether-waves  impinge  upon  a  body  which  is  transparent  and 
diathennauous,  that  body  is  uot  heated,  for  the  ether-waves 
pass  tlirougli  it  and  are  uot  absorbed.  Thus,  clear  mouutuin-air 
is  not  iieatod  \>y  the  .sunshiue  wliieh  streams  througii  it;  iu  the 
i{hade  it  may  be  very  cold.  Sunshine  may  stream  through  clear 
ice,  or  even  ihruitgh  hoar-frost,  without  melting  it.  If  there  be 
any  particles  of  dust  in  the  iiir  or  iu  the  ice,  tliese,  being  opaque, 
will  iMJcome  heated,  and  the  air  is  then,  by  conduction,  reudered 
warm,  or  the  ice  ia  meltetL 

Some  bodies  arc  impervious  to  all  kinds  of  radiation ;  othere, 
having  a  power  of  Selective  Absorption,  aro  impervious  to 
some  kinds  only. 

Thus  rwliant  heat  can  pnsi,  wliilc  (he  more  rapid  light-wxrca  cannut  past., 
through  a  thin  piece  of  black  vulirauitu,  or  tliiimgU  u  "Iiiiiig  milutiuu  of 
iuliui!  iu  huuIpliiJc  of  ra.rijiiii  :  wliiii*  a  Kulutiuii  ol  .ilum  in  vriiUrr  ik,  on  tlie 
ntht^r  biiiirl,  trauxpitrciil  !■>  li^ht,  hut  ii<  adintlifrmutK^ii!*,  iiii])crviotiK  k>  htMt- 
i-uyn.      I^Lia[>bhiolc,  iiBiiiii,  if  vvcy  U-iiiispaivnt  to  the  slowx-at  heat-wuvtf», 

A  *oap-liubLi!o  lilm  is  roiuarkubly  adiathsriDitnou^  cutting  off  about  half 
ihc  heat  iif  an  incident  beam. 

OUm)  is  triui&piuMnt  und  dLntbermanous,  but  is  aomewbiAt  opaque  to  tbe 
ultru-violct  rapid  c-thQr-wavi'.»  ;  a  qnarXt  priuiii  or  Ivns  allowii  n  gi'eitt  tunount 
of  ultm-violet  radktibu  Iu  piuu  tLrough  it  which  a  glass  priun  ur  luna  would 
extinj^iisb. 

The  absorptive  power  of  a  substance  may  uot  be  ao  extensive 
as  to  enable  it  to  absorb  and  extinguish  light-rays  or  heat-rays  of 
all  liiuda;  it  may  arrest  some  only.  A  piece  of  green  glass  coti 
only  allow  a  certain  number  of  kinds  of  light  tu  pass  through  it; 
by  their  joint  impact  these  produce  the  sensation  of  green.  Sun- 
liglit  cuut4iins  other  waves  than  these ;  they  have  been  absorbed  ; 
the  green  glass  is  opaque  to  them.  These  waves  would  together 
have  produced  a  sensation  of  purple-coloured  light  If  this  purple 
light  had  alone  fallen  upon  the  green  glass,  it  wonJd  not  have 
been  transmitted ;  the  glass  would  have  appeareil  to  be  opaque. 
Wlien  sunlight  is  directed  first  through  purple  glasa  and  then 
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thruu<rli  green,  the  eye  perceives  bldckness :  the  two  pieces  of 
^lass  are  toge(.hur  opaque,  though  each  of  them  is  transparent  to 
its  own  kind  of  light. 

Very  <3»i'k-reil  glnsa  itnd  green  gloss  together  produce  a  nuiUr  effect  of 
1jlacknirs>w  :  p.'ilv-lTd  gl^iMi  alliiwa  uoaie  givfii  li^ht  U>  tnivrnw  it,  and  to,  whini 
it  is  comliiuL'd  with  ){tvL-n  glaw,  thti  nutitlt  is  djirk-^nMin  li^^liU 

£{ick(.>l  nitrnto  uliBurbs  red  uod  viulct,  and  is  therefore  green  when  in 
solution.  Cobalt  solutiou  is  n^l  A  mlxtaro  ot  sttong  Golutions  of  the  two 
tQ«tab  is  black  :  diluted  it  beiomes,  however,  almost  colourlcMi. 

Copper,  when  it  receives  the  Liupact  of  white  light,  emits  ortuig«  light« 
together  witli  superficially -reflected  white  lij^dil.  Electrically  -  depoutwl 
coppuT,  while  iiuiuersetl  in  ii  sidutiotL  of  suljdiulti  of  eoppt-r,  which  dues  not 
hUow  thu  tiuuHiiii^uoQ  uf  oruagc  li^ht,  loukti  us  whtU!  an  phu^tcrHif-Paris  doea 
in  the  eame  liquid. 

Tlie  coluur  of  a  (xjloiired  object,  as  seen  by  transmitted  light, 
ia  produuBLl  by  subtraction  of  the  li;^'Ut  absorbeiL  from  the  light 
incident  upon  the  object. 

The  kind  of  liglit  transniitttid  may  Viiry  witli  the  thickness 
of  the  absorbinjj  medium.  A  Bolution  of  chloride  of  chroinimn 
in  a  tliiu  layer  absorbs  much  yellow,  orange,  and  yellowish-green 
light ;  in  a  thicker  layer  it  absorbs  all  but  the  red  and  some  grocu 
and  blue ;  in  a  still  thicker  layer  the  only  colour  transmitted  is 
red.  Thus  a  wedge-shaped  layer  of  this  solution  appears  to  vary 
in  colour,  according  to  tb©  thickness,  from  a  greenish-blue,  through 
purple,  to  red,  lodint:  vaponr  transmits  a  blue  group  and  a  red 
group,  as  also  ultra-violet  rays ;  together  these  produce  an  impres- 
sion of  purple :  in  thicker  layers  the  blue  rays  alone  are  trans- 
mitted, aud  the  vapour  appeals  blue. 

Whtii  11  xtroiig  wilulioii  of  liliwd  i»  inl^^riiuMcd  in  tli«  pntli  of  a  beiun  o( 
light,  no  light  but  nil  i*  IruiiKJiiittfd  ;  diliitr  tli<.-  Kidtitinii  gniduKlly,  and 
MiiccoBsively  thv  Koluiiun  nj>pvan  morv  ait'tl  more  yellowish,  and  uf  increas- 
ingly pnler  hue. 

The  specid  absorptions  of  absorbent  bodies  are  most  thurouglily 
studied,  not  by  means  of  their  visible  colours,  but  by  the  prismatic 
analysis  of  the  light  which  passes  through  them.  It  is  then 
found  that  some  substances  absorb  several  distinct  kinds  of  light, 
belonging  to  different  regions  of  the  spectrum. 

Tmuapurent  coloured -objects,  through  which  light  is  filtered, 
give  dark  bands  aeiflss  the  spectrum — the  so-called  "Absorption- 
bands,"  which  indicate  wliaL  kind  of  light  has  been  stopped  and 
extinguished  by  the  absorbent  object — these  bands  varying  in 
breadth  with  the  degree  of  concentration  of  the  absorbent  solntion 
employed,  and  varying  in  position  with  its  nature 
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When  a  strong  Mlntion  of  blood  is  interposed  in  the  path  of  a  beam  of 
light  which  ia  on  its  way  to  ftrnii  a  tipectnini  on  n  M:rcf>u,  a)]  the.  xpectrura, 
with  the  exception  of  thi;  r*d  i«»rt.  of  it,  (liimpiMNiTK  As  the  liqttjit  i*  dilutwl 
the  fijii'utniiii  Irntfthpnii  <»iit :  cirHiii^iu,  yctlowa,  ({recna,  bliiv»,  iiiw  «icc«wively 
iiddvii ;  liiiL  there  alwR^'e  remiiin  two  ralatiTely-dark  absori^tion-baads  in  the 
»pi;<:lnun,  iu  th«  yellow  and  in  the  Rreeu,  betu'een  the  Fmimhofec  lines  Icuotrn 
IIS  I>  and  £. 

If  the  bli>od  be  treated  with  eulpbide  of  uinnti'uiitm,  it  will  be  reduced  ; 
ite  oxyhininoglobin  will  l>c-a)Uic  reduced  Ijamogluljlii  ;  the  cWtuieoI  coubtilu- 
tioD  clmjigi'*,  and  vf'ilh  iL  the  iibmrbeiit  puwvr ;  thu  ubeurptiun-bund  in  now 
a  sinylu  bund  pUiwd  bt-lweun  the  two  prcct'diug. 

On  the  evidence  of  absorption-bands  Capt.  Ahney  has  brought 
to  light  the  existeuce  of  traces  of  benzene  vapour  between  the 
(jarth  and  the  sun,  and  Prof.  Lau^'ley  has  shown  that  there  are 
very  peculiar  gaps  in  the  heat-spectrum  which  are  probably  due 
to  absorption  by  the  upper  regions  of  the  solar  atmosphere. 

Tlie  kind  of  light  absorbed  by  a  body  may  also  vary  with  its 
molecular  constitution. 

It  ie  GuppuBcd  by  Helniliults  tbiit  uoch  absurptiuiL  clcpumle  ou  the  proEuncc 
of  u  particular  kind  of  molecule,  diffenni;  fnito  the  siniplc  cbi'tniud  mole- 
cule. Olilniinc.  has  many  absorption -Ian  da  in  its  Bpectmni,  and  it  must 
cither  arrange  iUelf  in  many  kiiuls  of  nKdenilex,  or  ei-tc  it^  ordinary  atoniB, 
conndered  ns  vibnttin;^  bodice,  muKt  be  cxtremifly  complex. 

By  changes  iu  the  absorption- bauds  we  may  leani  that  sub- 
stances change  their  molecular  constitutiuu  when  heated.  Iodine 
vapour  gives  an  extensive  absorption ;  when  highly  heated,  the 
absorption-spectrum  becomes  reduced  to  a  few  bands ;  when  the 
vapour  is  still  more  highly  heated,  some  of  the  absorption -bands 
disappear,  and  one  of  them  ia  replaced  by  a  group  of  fine  lines. 

In  a  red  solution  of  cobalt — the  chloride,  for  example — ^when  heat  in 
applied  to  it,  the  salt  enter*  into  a  different  etAtc  of  hydration  ;  its  niolectdar 
Htructiircr  is  changed  ;  the  Bolntion  becomes  bine. 

Sulphur-vapour  changes  its  absorption-spectrum  when  it«  density  changes 
at  1000°  C;  S^0^,  when  it  becomes  NO3,  ehiuiyes  ita  spectrum,  though  it 
does  nut  do  m  when  it  bvoontcs  u  litjuid ;  ioiline,  on  the  other  hand,  when 
dJMolvvd  iu  cuj'bou  dieulphide,  hoa  the  tuiioe  absorptioa-apvctcuin  as  when  it 
1b  Ju  thv  Ktatc  of  vapour. 

If  there  be  no  molecular  difference  between  a  substaoce  in- 
candescent and  tlie  same  substance  absorptive  of  light  from  a 
hotter  object,  a  condition  probably  realised  iu  the  case  of  didy- 
miimi,  erbium,  and  terbium  compounds,  the  incandescence-  and 
the  absorption-spectra  will  be  mutually  cumpleuientar}* ;  thu  one 
presenting  bright  lines  where  the  other  presents  dark. 

The  Ooloor  of  a  coloured  object  seen  by  reflected  light  is 
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also  generally  due  to  absorption.  An  object  seen  by  reflected 
suoliglit  does  not  appear  to  W  coloured  in  any  d^iree  unless 
there  have  been  absorption  of  some  of  the  components  of  the 
incident  white-light,  and  the  colour  of  a  coloured  object  is  com- 
plementary to  the  colour  which  would  have  been  produuecl  by 
these  absorbed  conijiontints  had  they  jointly  impinged  on  the  eye. 
Some  of  the  li^jht  incident  on  a  piece  of  coloured  glass  is  re- 
flected at  itfl  surfaci' ;  thero  ia  no  absorjition ;  if  the  incident  liRlit 
be  white,  the  liglit  ndU^ctt^d  ia  also  white.  If  a  piece  of  green 
glass  be  laid  upon  black  paper,  and  if  it  be  looked  at  in  such  a 
direction  that  daylight  is  not  directly  reflected  frnm  it  into  tlie 
eye,  it  will  be  nearly  invisible,  and  will  be  tlevi>iil  of  colour;  it 
will  appear  black.  If  coloured  gloss  be  gi'ound  to  powder,  the 
powder  is  white ;  white  light  is  reflected  at  every  facet,  while  the 
light  reflected  fi-om  the  lower  surfaces  of  the  fra*,Tnent8,  and  again 
issuing  into  the  air.  has  nowhere  traversetl  u  layer  of  sufficient 
thickness  to  cause  the  extinction  of  all  tbe  aljsorbftble  components 
of  tlie  incident  sunlight.  The  finer  the  i^wder,  the  wliiler  it  is  ; 
the  coarser  it  is,  the  uore  marked  is  its  colour.  If  the  upper 
surface  of  a  .sheet  of  green  gla.s.s  be  ground,  it  will  appear  almost 
white  ;  if  the  ground  surface  he  looked  at  through  the  glass,  it 
will  appear  green,  for  the  li-^ht  issning  from  the  glass  is  white 
Ughti  which  has  undergone  a  certain  amount  of  aKsor|>tion. 

If  llif  ^cn  jKiwfier  he  imnierwcl  in  water  ■or  oil,  ihtiv  is  less  tvtletJon 
&t  the  (invcml  facetit ;  there  in  dcciKr  peut^tration  of  the  Upht  iato  the  mim. 
uid  conacqiicntly  more  Alworjitioii  ;  the  colour  appears  to  dvepeii.  Uenof 
the  vahie  of  oil  m  a  medium  in  painting. 

A  solution  of  chloride  nf  ropper  placed  in  a  de-cp  black- 
wallcd  vcsael  will  not  appear  to  have  any  colour ;  it  will  seem 
black ;  it  reflects  no  light  except  from  its  surface.  If  powdered 
chalk  be  mixeil  with  it,  light  is  now  reflecte^l  from  tlie  white 
particles  of  chalk,  and  pa.'ises  out  in  every  direction,  through 
every  part  of  tbe  surface ;  so  much  of  the  reflected  light  i» 
absorbed  that  it  appears  green  when  it  reaches  the  eye, — the 
milky  mass  appears  green.  In  a  similar  way  a  piece  of  inalachit« 
is  penetrated  by  liglit  to  a  very  small  deptli ;  internal  reflexion 
occurs ;  absorption  of  all  the  oiitpassing  light  takes  place,  with 
the  exception  of  certain  kintls,  whicli  jointly  appear  green ;  the 
malachite  is  green.  A  piece  of  poliehed  gold  reflects  white  light 
at  its  surface ;  it  also  reflects  interiorly,  and  from  within  the 
substance  of  the  gold  at  a  very  small  cleptli  there  is  reflected  in. 
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all  directioDS  a  quantity  of  ligbt  which,  ty  abeorp'tion  before 

leaving  the  surface,  lias  become  of  an  orange  colour. 

If  the  layer  of  gold  be  very  thiQ,  thut  part  of  the  light 
which  would  be  absorbed  by  a  tliicker  layer  may,  in  port,  pass 
throu;^h  and  issue  into  tranapnreat  mcdin  before  it  is  wholly  con- 
verted intfi  heat.  A  thin  piece  nf  gold  leaf  thus  appears  trans- 
parent and  allows  a  greenish -blue  kind  of  lij^'ht  to  poas  thimij^h 
it,  which,  if  the  leaf  be  rendered  very  thin  hy  the  action  upon  it 
of  a  solution  of  cyanide  of  potassium,  may  become  violet,  for  boili 
g1^een  and  violet  light  tlien  find  their  way  tlirougli. 

Tlie  o)>jt!t;t^lu*K  ij'f  an  antriiiujiiiiijiil  t«l«j*co}M  initj  be  covered  with  »  tbin 
Iiiyur  r^r  xilvrr,  wliidi  will  ifflt-ot  tlif  liKut  aud  t*mm  uf  Ihe  light,  allowing  a 
pluusant  gn!L'nisli-Ui.'ht  in  [itiRi 

When  n  beani  of  li(iht  euti-ra  the  eye  ikftor  UDderv;oinK  repeatcil  reflexwm 
[mm  giAd  In  ^old,  it  h  of  ii  decp-onuige  colour ;  tliio  in  the  true  rolour  <if 
gold.  As  we  oiiliniirily  ecc  jjold,  tlip  umngt!  liglit  (doming  finm  iu  deept-r 
pftrticlu.'t  iR  niixeil  witli  miirli  vhiw  liylit  irrt-gularly  D>flei'U-(I  from  it«  «nr- 
faw.  The  Inie  wiIolf  of  copptT  i»  scarlet,  of  nilvcr  a  yidlowiiih-bronie 
colour,  nf  brass  a  rich  gold«i-rcd.  By  n'Mon  of  biicIi  rt-pfnU-il  wflcxion,  a 
deep  metal -vaw,  rqunlly  polieht'd  within  ami  vrithoiit,  appears  to  be  of  a 
much  richer  colour  internally  thau  it  is  extomally,  and  vclrota  appear  of  a 
richer  colfrnr  than  ailfca,  for  light  undergoes  repeateii  reflcfxiona  hetwci-n  tin- 
vtrtiral  filiifM  which  con&titule  the.  (inter  oupect  of  the  funner. 

Wlicn  thero  is  little  opportunity  for  reflexion  fj-om  the  inner  particles  of 
a  body,  tm  where  light  falls  exceedingly  obliquely  U]>on  a  gold  mirror  from 
n  white  ohject  ojid  i«  refiected  into  the  eye,  the  iuioge  «[  the  white  olJKCl  in 
the  poliehcd  guld-ciiinor  appctm  not  gcld-colound,  hut  whitu. 

Some  iucUiIk  cull  he  rcudurcd  tronqiarent,  not  by  lieiug  rcduct^d  1<>  thin 
fitnif^,  lj»t  hy  beinu  reducyd  lo  Ihe  li^iuid  Mata  :  polJi»4iutn  and  sodium  can  1« 
(liftsnlved  in  anhydrous  liquid-ammonia ;  the  Hohition  ts  hlue,  and  tin?  true 
rolnur  of  thcflfi  metalit  ib  therefore  a  copper  colour. 

[f  the  ineident  light  be  already  coloured,  it  may  be  that  the 
whole  of  it  is  absorbed.  An  object,  blue  or  red  in  daylight,  if 
illuminated  by  a  sodium-flame,  may  absorb  all  the  light  that  falls 
upon  it ;  if  it  do  so,  it  appears  black ;  a  bunch  of  flowers,  look&d 
at  in  such  a  li^dit,  where  it  is  not  yellow,  appears  black ;  it  mtirt 
either  reflect  some  or  none  of  the  light  wliich  falls  upon  it. 
A  piece  of  red  cloth  iUuniinated  by  the  red  regions  of  the 
spectrum  glows  with  a  bright  red ;  when  moved  into  other 
regions  it  becomes  black,  for  it  absorbs  the  incident  light 

The  blue  colour  of  opaleeoent  bodies  which  in  gcneml  present  a 
uiultitudi^  of  nfflcctJiin  inirtides  wnbedcVd  in  a  uniform  matrix,  and  of  which 
we  may  take  a»  n  type  th«  Hky-lduo  liipiid  obtained  by  adding  to  water  a 
very  Email  proportion  of  milk,  is  not  primarily  due  to  abtiorptioQ.  The 
principle  ia  an  established  one,,  that  where  therii  ia  moat  ivfmctioD  of  light 
there  in  the  greateet  proportion  of  reflected  light.     A  beam  of  udxtMl  light 
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TbIIb  upon  a  coIouHqh  traux^ianrnl-bodT' :  M  (he  rays  hm  both  refractwl  and 
reflected  ;  tlie  Muw  and  \-iolet  are  tlie  more  sharply  refracted,  and  a  Kteater 
proportion  of  th«m  is  refled«d  tbou  of  the  leao-refrait^ble  ny*.  Kv^ii  after 
oni>  r«lltixiuii  tlie  imaijt?  of  an  object  in  u  mirror  ia  bliiur  than  the  object 
iUH;lf.  Alk-r  iniiltjjilv  rvllexion  li^lit  uiity  bvcotnc  distinctly  bluv.  Multi- 
plicity of  rtflo.tiuu  h  fuvoiiri'd  by  Kinallnt^  of  Lht  imltvidtial  particles.  The 
iiyht  whiuh  is  nut  rvtluctwl  \n  wholly,  {ir  in  ]>art,  abuorlwd  :  the  mn,  1o<>k^l 
at  throut-h  a  tliin  layer  of  dilute  milk,  appears  yellow  ;  throiigli  a  tliiclier 
layer,  nranj^*?  or  red  ;  tlirou;;h  a  (rtill  thicker  layer,  it  caimnt  be  seen. 
Similar  phenomena  arc  preBentcd  by  wriot  intn  which  a  Unb-  vi'iy  dilute 
alcoh<iiliC'«f>lmiftiii  of  resin  nr  maatic  baa  been  dropped  with  itJirin^,  by  ult 
water  into  which  a  few  droiw  of  a  very  dilute  folution  of  nitratv  of  silver 
have  been  »tirr<.-<l,  by  a  thin  liiuu^,  by  smoke  ;  all  tlt«ie  appwr  blue  bj 
reflected,  yellow  or  red  by  tronisniitted,  li)»bl.  Even  the  Sky  itielf  »  a  haze 
of  thia  kind,  tji«  air  bein^  rendered  visible  against  tbe  dark  baekgronud  of 
block  epace  by  sunlight  rt^ftect^'d  from  its  line  »(iH]R'UiU'iI-dit»t ;  while  thu 
ligbt  transmitted  in  ulM'&ya  mom  vt  less  yellunish,  and,  in  the  afteniuua  and 
evvniuK,  whan  sunlight  comes  to  us  Ihlnjuyli  u  i^ivatur  tliicktK'flb  of  the  mom 
diwty  kyw's,  verj-ca  lowurda  orang^e  or  even  red. 

Wlien  tliu  particIt'H  of  a  Ihub  incireaae  in  Bim  they  jointly  ofl^r  a  gnyrfer 
rcflJBtance  to  the  entry  of  li[;!it  into  the  fog :  light  in  reflected  mon*  promptly, 
and  the  retietted  light  presents  a  larys  prnportinn  of  white  liKlit-  Thia 
phenomenon  it*  familiar  tn  the  nmriker  ;  the  thick  clouds  of  nnoke  produced 
by  Tigorouj  emolting  ar«  obviously  different  from  the  thin  fine  bine  colamnB 
which  ascend  frcnn  a  citCiir  laid  usidc  for  a.  moment. 

Those  rays  whicb  are  absorbed  In  the  greatest  proportion 
by  any  substance  are  reflected  by  it  in  tlie  least;  when  a 
beam  of  sunskiito  falls  on  a  green  leaf,  the  at-tiiiic  rays  arc 
absorbed  and  spent  in  doing  chemical  work  ;  the  hght  reflected 
from  such  a  leaf  is  feeble  in  actinic  rays,  and  foliage  is  conse- 
quently not  easy  to  photograph.  Liglit  which  is  absorbed  i8 
generally  converted  into  Heat ;  this  may  presently  bo  radiated 
away;  shorter,  quicker  light-wavea  strike  the  body;  longer, 
slower  waves  of  dark  heat  leave  iL 


FlUOKESCENCE,  PnOSPrtOBRBCENCE,  AND  CaLORKSCENCK. 

Fluorescence  and  Phosphorescence. — The  molecuhir  dia- 
turbances  of  the  interior  particles  of  a  body  impinged  niyon  by 
light  may,  however,  give  rise  to  other  waves  which  are  not  so 
slow  as  to  be  invisible ;  the  ether-wavea  absorbed  may  tliua  give 
rise  to  Light.  In  this  case  the  body  may  not  only  reflect  light, 
but  it  may  also  seem  to  emit  light  from  witliin  ;  it  ia  fluor- 
escent. Tlie  particles  down  to  q  vi?ry  finiall  depth,  being  set  in 
agitation,  originate  a  new  set  of  ether-waves,  which  are  propagated 
from  each  partJclo  in  every  direction. 
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Tin-  plicnonienft  of  Flworfscenct:-  nifty  he  sliovni  by  a  solution  of  ipuciilin, 
wbiH-ii  riiity  lir  vi-ry  sinil'ly  iirt-jmrcii  liy  stirring  notitH  liorno-cliwitnut  twigs  in 
w.it«?r  ;  Ji  Ix^mii  I'f  liglit  i"  cnunnl  Ui  [nw*  tlinm^h  tliu  noliilion,  ami  iJw-n  for 
Himm  disUiiicu  within  tlu-  wilutiiui  tliL*  liiiiiiJ  ii^nis  si'lf-luniinoiM  \n<l  vliiaws 
iu  a  "lark  room  with  an  opalesceiil  shimmer  «loQg  the  track  of  the  beam  of 
lij^ht.  Tliis  effect  ie  partly  due  tw  the  impact  of  the  light  nya,  but  ie  prin- 
cipally <Ine  to  the  rapid  invisible  ultra-violet  waves.  If  a  piece  of  paper  be 
wetted  with  a  solutioa  of  u^dculin,  and  if  thia  paper  be  iheo  uacd  u  a  itci-een 
(111  wliii.-h  the  iiiin^v  <if  iL  Rlii  jx  tlii-uwn  tbnm^'h  u  quarts  priiim,  the  ullm- 
vioU't  ]>]irt  uf  the  fpectruin  in  r«ucIurL-(I  vt^ibU'  ;  n  uuiii]H>iind  blue  li(;fat 
railiatoii  fruiii  \he  paper  ovir  qii  art'a  nix  or  oit^bt  times  &a  lun^  b.s  the  (iidiniLn' 
i-isible  c<tlf)ured-Hpfctnnn  ;  the  light  ivfracted  by  a  priMn  may,  with  tbi;  Btimt! 
etTi'ct,  fall  nn  ihe  walla  of  a  gliias  v«flsel  containing  the  fliuiresci-nt  Milution. 
Quiniiifl  chloridi'  or  ilUnlphatft.  on  pappr  nr  in  itohition,  givM  n  blup  light — 
that  bins  which  is  seen  almnt  thp  edge  nf  the  npper  finrfiure  of  n  Miction  of 
qu!uine  in  a  pliiftl ;  itotnik-nm  or  shale  nil  a  green  ;  turmeric  loliition  in 
alcohol,  or  ninch  better  in  castor  oil,  a  i;re«;n  ;  nraiiitun  compoundft,  «ti)>eciany 
uranium  glnea,  a  gre«n  lifibt ;  chlonjphyll  in  solution,  or  Ij'ing  undissolved  in 
the  celts  of  leaves,  a  red  ;  an  alcoholic  solalion  of  soot  or  one  of  ^aiura 
ttTumonitt"',  a  greenish  blue.  Among  fluorvweut  subataoces  ve  find  alto 
Btii-h  voiiip''')Uiid$iiseonQ(tctmbromofluQri>»ceia),fliioi'«!>i;eii]  {resorciii-phtliftlein), 
Hutbracem.',  fluor-Npar  (e«perially  i:hlorophaiie,  whiuh,  when  heated  by  coniluc- 
tiou  ur  by  luiliaut  heut,  ithiueii  with  lui  eiaerald-^jrven  lijjhl),  itiaiiy  »^uJplud«8, 
Cfipoeiully  thiwu  cjf  barium  im<.l  milium,  uuO,  to  a  sli^fbL  dugrue,  tht)  comM 
and  the  cryHtuUiiie  iuan,  uud  the  rwlii  and  conea  oftbti  retina. 

Very  frccjueatly  a  body  goes  on  vibrating  for  aome  lime  after 
ether-waves  have  ceased  to  strilio  it ;  this  ia  familiar  when  the 
wavKS  given  out  by  it  are  Heat-waves.  Sometimes,  however,  the 
VH>dy  thiis  vibrating  produces  Light,  and  such  »  body — Kalmain'o 
luminous  paint,  for  example — which  goes  on  visibly  shining  or 
Unorescing  for  s*jme  time  after  ether-waves  have  ctjased  to  im- 
pinge upon  it,  13  said  to  be  phosphorescent. 

Anion;;  Mich  boilies  wc  fiml  barium  and  calgium  ■uljihidrii,  diaiiiundf, 
clilorophauc,  dry  pa}H.-r,  silk,  sugar,  teeth,  the  alkalies  and  nlkalinv  earths 
and  their  sall.^  in  gi-nLral,  and  cnrnpounds  of  umnJitni. 

Thccc  flubatancctt  may  be  ]dac«d  in  n  <!ri;iiw1er  tube  in  a  dark  room  ;  an 
electric  eurrcnt  pasees  ;  tha  solids  commence  to  fliiore-^ce  in  thi;  light  produced 
by  the  discharge,  but  the  obaerrtr'a  eye*  arc  kept  «liiit ;  the  current  18  (itoppMl, 
and  the  eyoa  are  at  once  opened  to  look  at  the  tubes  ;  the  solids  UK  Been 
»hining  in  thii  dai'k  r»oni. 

For  nubfltaneeji  the  duration  of  whoae  pliospliorescence  is  Tery  small 
Recriuend'*  rbuspboroscope  may  )<«  employed.  In  rapid  aucceaaion  a  phoB' 
lihorwMvnt  body  is  expo»«d  to  bright  lif^ht  and  brought  againxt  a  dark  hack* 
;{roiind  l»«forv  the  eye  of  an  obsentr  eilualvd  in  darknew.  Mosit  ohjecla  are 
found  by  this  means  lo  be  to  some  extent  pboephoTesceut. 

The  compound  natun!  of  the  light  produced  by  Huorvscenoe  or  by  phot- 
phoicKence  can  be  ascertained  by  meaua  of  a  slit  and  a  prtam. 

Il  l»  B  very  idngular  fact  that  the  red  rtty»  of  the  spectrum  and  the 
Eoriiiible  heat-mys  have  the  elTccl  of  ovceleraliug  the  exkaiistion  of  a  phos- 
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phorescing  body.  If  a  body,  ]>h(ie]>lKnvflciLi;  hUlt  ex|iofiire  to  wbilc  ligli 
i.>r  belter,  to  violvt  luid  ultni-viok-L  mys  haw  u  fspvctruui  tiutoaUniiousl] 
tbruwu  ujwu  it,  tht!  body  tliL-rmruir  pbusplioivsccs  more  brightly  in  the 
arua  occnpiud  by  tbt;  uUni-rud  part  uf  tl»-  ejwL-Lrnni ;  if  tlie  cxpoeiire  to  tlie 
spectral  iuiuiiD  bu  ivlutivuly  prulonj^^ed,  tliR  {iboHjiboreacctice  becomes  eshatifted 
in  thnpe  reginns  on  which  heat-rays  hud  fallpii,  anil  now  the  FraniihofeT <lArk« 
linea  in  the  invisibl.'  part  fif  the  siicilnim  iiri'  ivurU'ivrl  mitnifcst  by  lofol 
phosphorcact-ni^os  of  thnse  partii  of  llio  sciven  which  have  not  been  alfectcd 
by  the-  ini|iact  of  bMit-wnve-*  (Beci|ucrcl). 

A  Hiuiibir  arlion  of  thi-»c  my»  hna  been  long  known :  they  oft«n  revetM 
the  dieniical  uctjou  of  the  actinic  rays. 

As  ft  rulti  a  fluoresccEt  or  phosphorescent  body  emits  for  a 
longer  or  aborhsr  time,  on  exposure  to  light,  or,  specially,  on 
exposure  tfl  actinic  raya,  the  same  kmrl  of  lij^ht  which,  when 
light  falls  upon  it,  it  absorbs ;  and  thus,  in  3ome  instances,  the 
light  emitted  by  fluorescent  and  phosphorescent  bodies  presents 
bright  bands  where  the  absorption- spectrum  of  the  same  sub-j 
stance  presents  dark  bands ;  but  the  whole  series  of  phenomena* 
of  fluorescence  is  one  full  of  anomalies ;  we  do  not  fully  know  the 
laws  of  th&  iiiol&cular  groupings  of  different  substances,  simple 
and  ccmpuund,  th«ir  necessary  modes  of  vibrations,  or  their  rela- 
tions to  the  ether. 

A  mixed  beam  of  auulif,'ht  which  has  passed  through  a  fluor- 
escent solution  cannot  affiict  ixnotlier  solution  of  the  same  kind  ; 
fluoToaecnt  soluttona  rapidly  absorb  those  mya  which  are  the 
effective  eauae  of  their  luminosity. 

We  Bonielimes  find  transformation  of  slower  waves  into  more 
rapid  ones.  \Vlien  a  salnlion  of  naplithaline-red  has  I»een  shone 
upon  by  a  beam  of  deep -red  light,  it  emits  by  fluorescence  on 
orange-yellow  light.  Chlorophyll  presents  an  analogous  pheno- 
menon ;  it  fluoresces  Ti-ith  a  red  light,  even  though  it  be  shone 
upon  by  a  slower  red-light.  In  the  case  of  clilorophane,  the 
impact  of  slow  radiant-heat-waves  is  competent  to  set  up  an 
emerald-green  light. 

Oalorescence. — "When  a  beam  of  light  is  filtered  through  a 
solution  of  iodine  iu  bisulphide  of  carbon,  so  that  dark  heat-rays 
can  alone  pass  through,  these  heat-rays  may  be  brought  to  a  focus 
by  a  lens,  and  absorbed  by  a  piece  of  platinum  placed  at  the 
focus ;  tills  will  becx)rae  luminous  and  give  rise  to  ether-waves 
of  all  kinds ;  if  its  light  lie  exainimMl  by  a  prism  it  will  Ije  found 
to  give  a  continuous  spectnim,  This  phenomenon  is  called  by 
Tyndall  the  caJorescence  of  heat-rays. 
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SouHcEs  OK  Eteikr-Wavks. 

Vibrations  of  Molecules. — Light,  Heat,  and  Clienucal  Sadift- 
tion  being  priniarily  cIub  to  the  vibration  of  particles  of  ordinary 
Matter  in  the  nii<Jst  of  Ether,  the  enei^y  of  ether-waves  is 
ilorivcd  from  the  kinetic  enersy  of  vibrating  particles ;  and  what- 
ever increases  the  Kinetic  Energy  of  these  vibrating  particles 
increases  their  vibratory  movemonti  and  gives  rise  to  increased 
radiation.  When  by  any  action  n  given  amount  of  energy  is 
liberated  m  or  communicated  to  a  s^'stem  of  material  jtarticlea, 
the  rapidity  of  their  resulUint  vibration,  and  therefore  tliat  of  tlm 
ether-waves  set  up  by  them,  depends  on  the  rapidity  with  whieh 
that  action  occurs.  When  enei^  is  slowly  imparted  to  or 
liberated  among  them,  tbc  vibrations  of  the  particles  may  remain 
relatively  slow,  and  radiant  heat  may  alone  be  the  result ;  while 
if  the  particles  be  suddenly  set  in  violent  commotion,  tlieir  vibra- 
tion will  be  complex  and  irregular,  the  particles  will  become 
incandescent,  and  tbey  will  at  once  originate  not  only  heat,  but 
also  light  or  even  actinic  waves. 

Wlit-n  n  tiaeh  of  lii^Ltnin^'  or  an  elec'tric  Apark  nishu  Umugli  the  air 
it  jar«  the  pwtic-Jcs  of  air,  ami  rfiKkra  tlie  air  iiiiamdtsci'nt  and  Iauiiiiou)> ; 
and  it  even  originaleH  actinic  waves,  for  an  electric  apark  can  he  pbotoHiapUtit 
iia  well  as,  seen.  'Wnien  tlie  electric  diachargp  through  the  nit  is  Mnlinaote 
or  rftfiiflly  irit<}rmitt*nt,  itii  light  Ir,  tn  thf  eye,  RppfliTntly  conliatimia,  and 
we  have  the  Electric  Lifjlit.  Wlic-n  n  fiint  and  sled  arc  -ttinck  if-j^tliet  the 
eoncuMioQ  imitates  tlit  iiioleciiU-H  of  thcst  piirticlw  of  wtcel  w!ii>:li  an.*  knuckcfl 
off,  and  a  luminous  spark  is  produced  ;  no  alitn  when  a.  biilk-l  ntrike*  n 
tai-pet  there  ib  a  flash  of  light  WitSiin  a  gas-flame  moIeculM  of  a  hydro- 
cai'biin  aiv  r()hl*tE  of  part  i.f  their  liyilrogen  hy  a  procew  uf  cltstructivc  di»- 
lillntioti  ;  l\\i:  i-f»i(Iiit<jt  aii!  li<?tivy,  almost  purtiiy-tarLioiiaceuiifl  uiuleculeii,  and 
iheic,  iu  virtue  of  the  uiiviyy  sup^'ltud  Ly  tlit-  civiiibustiva  uf  the  hydroj^n, 
bocoint!  Btrongly  agitated  and  iucandcMuut,  osL-iUntinfr;  ■within  the  t;j''^lli"'*'« 
and  therein  act  as  raurces  of  liglit  until  the  cun-ent  takee  tliem  into  thu  tano 
of  perfect  conil'URtion  in  the  outer  region  of  the  flame  ;  th^ire  they  become 
comptcuOy  osidined  into  goHinns  cnrhonic-aciit,  ami  tliereupon  lose  in  great 
part  thcit  radiative  power.  The  ljrij;htni-.<*  of  a  ga»-flanii5  is  favwireii  by 
t'ltcnial  piTsatir*,  or  by  a  rclativcly-fimall  inte-mal  ptewnre  and  velocity  nf 
ontflftw,  hy  the  long  continuance  of  carbon  particles  or  othor  lolid  pftrticlea 
(u-bicb  in  n  eandle-llainc  L-niit  a  nlioilow  in  Nuulighl)  within  the  tlanie  in 
which  tbey  ore  incaniltJicrnt,  And  by  heJiting  the  gas  before  it  enters  the 
lUme. 

When  a  crystal  is  cleft  it  often  emits  a  flash  of  light ;  work 
is  done  in  splitting  the  crj'stal :  the  energy  of  part  of  this  work 
appears  as  that  of  other-waves. 
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When  salts  saddenlr  crystallise  oat  of  a  liquid  menstruaiii 
tl  uol  uufrequently  liappcua  lliat  tfae  fomiatim  of  dystals  is 
attended  vttli  a  fla^i  of  light ;  tlit;  salt  leaves  tJie  watar  and 
coheres  \i-ith  jortides  of  its  own  substance  ;  the  agitation  attend- 
it^  this  process  causes  ether-waves  to  be  set  up. 

Even  the  application  of  moderate  heat,  fulliag  far  short  of 
such  a  temperature  as  might  produce  incandescence,  maj  conae  & 
hodj  to  become  luminous,  as  in  the  case  of  the  fluorescence  of 
fluor-spar  and  the  diamond,  which  shine  when  heat  is  imparted  to 
them  by  conduction. 

We  have  already  seen  that  light  may  result  from  the  impact 
of  ether-waves  upon  a  body- 
Chemical  onion  is  often  attended  with  both  beat  and  light: 
as  when  we  drop  copper  filings  or  powdered  antimony  into  chlo- 
rine  gas,  or  in  the  ordinary  phenomena  of  combustion.  Even 
slow  combustion,  such  as  that  of  eremacausis  or  decay  may 
cause  light,  as  in  the  luminosity  of  dccnyiuj^  wood  ;  or  the  green 
luminosity  visible  on  the  surface  of  some  fi^h  when  in  a  state  of 
incipient  decay ;  or  the  slow  oxidation  of  a  piece  of  pbos|}hoTus 
in  the  air  at  ordinary  temperatures,  or  of  sulphur,  or  of  the  metal 
arsenic  at  higher  teinpemtures.  Evenduring  the  life  of  organisms 
they  may  become  luminous  either  abnormally,  as  when  the  skin 
of  the  human  body  evolves  phoaphuretted  hydrogen ;  or  normally, 
as  in  the  glow-worm,  in  the  nocliluca,  in  medusoids,  and  in  many 
other  invertebrate  animals :  light  being  in  these  cases  produced 
at  the  expinise  of  the  animal  heat  which  might  othenft-ise  have 
been  evolved. 

Vibratioiis  commtmicated  to  the  Ether. — In  all  these  cases 
the  origin  of  the  light  plainly  is  in  the  agitation  of  ordinary 
matter,  but  there  is  a  Cfrtaiu  deficiency  of  knowledge  in  respect 
of  the  uext  step  in  the  trHusference  of  etierg)'.  How  ia  any 
ether-wave  set  up  in  tlte  Ether  by  the  luotiuu  of  any  particle  of 
ordinary  matter  within  it  P  A  full  auswer  to  tbis  question  would 
involve  a  full  knowledge  of  the  conatitution  of  the  Kther,  and  of 
the  relation  of  the  Ether  to  the  particles  of  ordinary  matter  which 
are  imbedded  in  it — a  question  still  under  discussion. 

Some  hoM  that  tlie  Ether  is  entirely  independent  of  onlinary 
matter,  being  unaffected  in  density  by  its  presence ;  others  hold 
that  it  is  of  various  densities  in  ^-arious  substances,  the'^e  densities 
being  in  different  trausparcut  substances  inversely  proportional  to 
the  squares  of  the  velodtiea  of  light  within  them.  Some  hold 
that  it  is  so  independent  of  ordlnar}'  matter  that  a  moviug  solid 
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hady  moves  freely  through  ether  like  au  ideal  net  through  ideally- 
frictionlcsa  water ;  in  which  case  it  would  be  ditficult  t*)  under- 
stand how  a  vibratinj?  molecule  could  set  up  vibratioua  iu  it.  It' 
tliia  were  so,  tho  most  rapidly -ma  viiig  solitl  tiunsparcnt  ohject 
wituld  allow  the  transniission  of  light  thnni-;h  the  etlier  which 
pernieatei  it,  aa  if  it  were  itself  at  rest.  Tlio  ofintmry  viow  seems 
probable;  a  ray  of  light  is  said  to  be  retanlod  a  little  by  being 
made  to  pass  up  a  running  stream  of  water ;  the  effect,  rjnit«  per- 
ceptible in  the  case  of  water  circulating  at  the  comparatively- 
slow  rate  of  two  metres  per  aecond,  is,  however,  imperceptible  in 
a  current  of  air. 

A  lieaui  of  light  wa»  fonml  by  Fiwati  t"  !>«  nitartleil  when  mads  to  yam 
through  .1  mtiitiii^  cylinder  of  ghue  in  audi  a  ilin;ctinn  that  the  mtatioo  of 
the  gliiAS  tended  to  carry  bacli  the  light  while  in  the  act  nf  ]in.'<.<iin^'  thrnugh  it. 

The  consequence  of  imch  m\  atihwioii  helwecii  the  ctlui"  anil  the  inatt«r 
omheddcd  in  it  ia,  that  tli<;  oarth  niuet  to  some  extent  drag  the  ether  "vritli  it 
tm  it  rolU  tliTuugh  ^piicc. 

The  whole  aabjoct  fa  aa  yet  one  of  the  moat  recondite  in  phj-aiciL 
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Proi*a(;ation  of  Wavks  throl'hh  tub  Etiibk. 

At  present  it  is  usual  in  discussing  the  propagation  of  ether- 
^vaves  to  asaume  the  wave  to  have  been  elfectually  set  up;  the 
wave-motion  is  studied  aa  it  diverges  from  a  small  wave-front 
formed  in  the  immediate  neighbourhood  of  the  vibratln;'  mole- 
cule ;  and  in  diacnssiug  the  tmnsmisaion  of  etlier- waves  of 
different  wave-leiigtha  through  different  transparent  bodies,  we 
shall  have  to  take  tor  gnuited  that  the  interaction  of  the  Ether 
and  the  ordinaiy  Matter — an  action  which  cannot  be  very  great, 
for,  if  it  were,  Transparence  would  be  impossible — is  such  aa,  in 
different  media,  unequally  to  retard  ether-waves  of  different 
wave-lengths,  Tliis  retarding  effect  depends  somehow  upon  the 
nature  of  the  transparent  body;  and  this  holds  good  uot  only 
with  regard  to  light  in  general — as  where  a  diamond  is  found  to 
Iransmit  Light  much  more  slowly  than  water  does — but  also  with 
reference  to  each  particular  kind  of  light.  iCach  transparent 
.■substance  has  its  owu  rate  of  transmission  for  ether-waves 
of  each  particular  frequency;  and  this  is  found  for  each  case 
only  by  experiment  A  denser  substiinco  may  sometimes  trans- 
mit ether-waves  raort;  rapidly  than  a  rarer  nrie  dues:  light  poases 
more  rapidly  through  water,  for  example,  than  thnmgh  alrohol  or 
oil  of  turpentine.  A  subsinuTO  through  which  light  travels  more 
slowly  is  said,  however,  to  V«j  optically  denser. 
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Oa  Ike  oseuaiplian  that  t]i«  Jcujiity  of  tim  etbcr  U  different  in  different 
tubfltaoces,  it  woulii  follow  tUut  ull  wuve-luu);llis  inmt  be  t]iiuiniafae<J  oEj 
increoMd  in  «quiil  prtipoHioDs,  llicil  all  kiudi^  of  waws  muht  bu  ctiUKll/l 
ratantcil  or  iiccvLt.'niU:d,  und  all  Iiinila  of  light,  b(;at,  or  chemicul  raya  tJic 
fore  Cfiuu-Ily  rffnK'Uid,  oil  passing  from  one  nic'dium  into  anotlitrr — «  concla-' 
«ion  cunlnwlitited  hy  the  simplfwt  erpt'riment  with  a  priatii.  Cauchy,  on  the 
arbitniry  a^nimption  that  thn  etiier  cnnAltt^ii  of  »cjiarat«  pn.rti(;l«s  oS  nn 
iivem;^  nizci  extremely  rninntc  /w  couipftrwl  with  the  average  dintanoe  Ijet 
tlieiii,  foiinfl  thnt  the  amoinit  of  ivtardatioti  was  affected  by  the  frtqaency 
umhilntirm,  nnd  thiit  thua  prismatic  dispcmon  became  explicable ;  an  aHUtnp- 
ticitt  which  more  modern  writera — imwilUng  to  admit  that  ether,  which  i» 
not  found  to  be  ca|intj|i*  ijf  Imviriy  w.i\'l-k  iif  cninpreJfiiiQn  and  rarefaction  set 
up  in  it,  and  whow  jittrt*  yi.'l  juroifrv;^  nr  triid  to  jii^uwrvc  tlifir  iiti-an  poti* 
tioiu),  (Jill  bt^  II  flutil  cinnpgswi  of  sujjtiruti;  muli-cului' — Imvw  convert*"!  by 
intfrrpnrtution  into  the  followinK,  namely,  that  there  is  aoniv  kind  c»f  dif 
tinuity  in  the  relatiniiH  tK.-t.wet>n  the  ether  and  th«  ordinary  matter  whicli  il 
pcmuiistefl ;  a  diKontinnity  which  ir  hoM  to  Dhow  that  whilfl  ether  may  be 
oonaidcnid  to  be  a  hoinoKL'ncoui*  jelly-like  unlid,  which  can  >nehl  to  powerful 
itrcMCA  after  the  msnncr  of  a  fluiil,  ttio  niiLttcr,  oppari<ntly  homogencoiUi 
which  ia  embedded  in  it,  in  not  truly  homoKcneou?  ihrouf^haut, 

Th*  Gtlier  re-Heinb!efl  a  very  weak  solution  of  gelatine  :  to  rclotivdy-jircal 
tntimenla  it  act«  as  a  Quid,  luid  it  cIoks  up  behind  moving  particloi ;  to  Hmall 
»ln*M:»  it  acts  as  u  Holid,  nnd  it  Huffera  tanj^enttal  Mtmiii  und^T  the  inSii«nc£ 
of  a  tanj^cntial  sires*. 

Etber-vilnration  transverse. — ^Wlieu  nay  part  of  the  ether 
is  displaceii  by  a  viliKiting  molecule,  the  displaced  portion  alwaj'S 
tanda  to  return  to  its  nonno.!  position :  in  doinj;  so  it  seta  up 
waves.  These  aiie  waves  of  transverse  vibration  like  those  of  nn 
elaatic  strinj:;  or  rod  plucked  laterally. 

AccordinR  to  some  the  ether  in  ahftnltttfly  incnmprcMible,  and  it  is 
impouible  to  form  vrti.Vfn  of  cnnipreioion  in  it ;  accordinR  to  others  vravtB  of 
Goiupreaaion  are  at  first  formed,  Ijut  very  rapidly  die  out.  The  Utter  Tiew 
uiinmibtle)!  the  motion  of  the  ether  to  that  of  an  onlinary  elofttic-ivdid  in 
which  both  longitudinal  and  tangential  diaplacemenla  occur  and  waves  both 
tmnaversc  and  compriiMioual  ore  jiroduccd. 

Acconling  to  Clerk  MlulwuU's  view  the  other  ic  a  homojiciicoUB  body,  a 
non-conductor  of  ckctricily  :  piirimUc  cleutric-sln'iwe!^  applied  to  lhi»  prwiuoo 
waves  which  travel  at  the  rate  of  about  300,000000  metrea  per  eccond  ; 
these  waves  are.  wavc^  of  tnuiaverre  vibration,  nnd  there  b  no  vibration 
longitudinal  or  normal  to  the  wave- front.  These  wavcii.  duo  to  electric  difl- 
placement,  are  quite  c-ompctcnt  t'>  exj^lain  the  imlin.iry  jihcnomfna  of  light, 
(Uid  this  theory  exptaina  on  mathematical  groundn  that  absence  of  the  normal 
or  c^mpresftional  vibration  which  is  a  eonrcc  of  pvat  perplexity  in  nil  the 
inecbanii'jil  thmvies  of  li^hL  According  to  thia  view,  eacb  ^.article  of  a  body 
throiiBh  which  light  jb  j>liiiiiri(i  is  in  rapid  miciesAion  exposed  to  altemately- 
oppogitv  electric  »tn-"jy?e8  :  at  (wch  bul f-vibration  it  bvcoiites  i>ppowtoIy  elec- 
trified ;  but  the  ordinorj-  elfwU  of  iflcctricily  are  not  generally  ob«ervcd 
wSi«n  light  iiliini.'ti  thronsh  or  on  a  body,  for  the  electrification  proilucvd  by 
any  onu  half-vibration  wmply  reveraes  the  effect  of  that  produced  by  tbe 
previoiifl  half-vibrntioii. 
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The  Velocity  of  propagatiou  of  ether-waves  through  tlie 
Ether  of  space  is  foimd  by  two  astronomical  oiethods. 

1.  JujiiterV  yatellUi:*. — Tlnaw  ptiw  out  of  iiglil  Lvhiud  Uiu  luius  of 
Jllpitvr  luiil  ugaiiL  i¥iiii]n.-oi' :  vhtm  tiic  utrth  it  xicaivat  tu  Jupilvr  tbti  oolipece 
Bii<[  it«ppeanui0CB  uppvar  tu  take  ploiio  fi^  inituitoa  enrlier,  when  tlic  t-nrth 
boa  wheeled  round  to  tlic  oppn>'ib>  m\e  of  lU  nrbit,  antl  ih  at  itA  fiiriheiit  from 
Jupiter  D^  minutes  later  tbnn  ther  n-nuld  bnYi^  flpp<?Art:il  if  the  earth  boil 
been  at  the  centre  of  itfl  iirlnt.  The  iindtJeiily  coruiiK-iicint;  or  n-nsiug  llyht 
takes  16^  minuteo  to  cra-u  the  i-Arlh'o  orbit,  a  JUt^iuvi:  of  S3E),i70,000O00 
luetru  :  it  therefore  travels  303,300,000  niutn.-*  p»r  wcanJ. 

2.  Aberration. — No  star  ia  «L-en  in  ita  true  pUc*  :  evKry  star  »wtiiH  lu 
tlescrib«  a  little  t^llipiu  in  the  )it^v«ua,  an<]  mteiuit  tu  tiiivtil  nttinU  thu  elliiwu 
once  a  year.  The  r«a«)ii  is,  that  in  Llie  i-ortii  whuelH  oitniutl  in  ilii  orbit, 
lHraHn}{  the  iibHui-viii);  IttlrHLupt^  with  it,  niyN  of  li^bt  ccumuK  fruiu  distant 
elara  on  their  way  down  ttiu  (i-K-ocupi;  lend,  aliurt  Ihuu^li  thu  tole«;ox)e  tulx! 
tn;,  to  v*ergH  towanlB  the  hiutler  side  of  tbut  tube  :  for  which  rtaeon,  in  order 
to  see  th«  star  in  the  ct-nlru  of  the  fiehl,  the  eyepiece  must  bu  tilti^il  ajijireci- 
ably  backwiirJi)  in  el  direction  opposed  to  lha,t  uf  tho  eurthV  orbital  motion : 
the  t*^liswop<-,  when  the  pIut  in  seen  in  tin.;  cenin:'  of  iu  fidd,  i*  therefore 
din.'clci]  not  towiinlx  Llie  true  poxitioii  of  the  star,  but  lownrdi*  «  point  iti 
ml%-anc(.-  of  it.  Tn  th<i  conr»e  of  a  yt'ar,  therefore,  nit  the  cartb  bowl«  round 
its  elliptical  orbit,  the  snoci'Aeive  points  to  which  it  i»  ni^c^^Mory  to  direct  the 
IflcMopc  arc  found  to  have  been  eituaiod  on  tlit  tircumforcnce  of  an  ellipse. 
The  size  of  this  ellipse  indicates  the  amount  of  tiltinv;  of  the  lelracopu  :  from 
thifl  can  be  inferred  the  proportioii  iK-twecti  Ibf  Itiu^h  »f  the.  t<-h-iicoiie  and 
the  distance  travcned  by  the  ocular  during  the  lime  spent  by  the  cthvr- 
wavea  in  pauinK  down  the  telescope  tube ;  the  apeed  of  the  wuvut  of  light 
con  1k!  culculated  from  \\win  ctata,  and  i»  fmiud  to  l>e  299,300,000  metrei^ 
per  Kcond. 

Do  waves  of  difiereut  freqiuncies  travvl  at  tliu  kuuiu  ur  at 
differeut  rates  i  If  their  rates  were  dilVei-eiit,  thuu  u  ttiiddeiily- 
Hppearing  satellite  of  Jupiter,  or  a  suddeuly- brightening  variable 
star,  would  bu  fir«t  ivudtired  visible  by  that  light  wliitli  tirst 
airives  at  aud  enters  the  eye,  and  it  toight  eoDseq^iieutly  a])pear 
violet  or  blue ;  and  when  it  disappears  it  wctUd  continue  for  the 
longest  time  visible  by  that  component  of  light  which  is  slowest 
in  travelling,  and  therefore  might  appear  red  before  vanishing; 
or  again,  aberration  of  light  would  ncceastirily  have  the  effect  of 
giving  ua  an  image  of  each  star  drawn  out  Into  n  spectrum. 
^Nothing  of  the  kind  is  observed ;  all  kimls  of  ether-waves  must 
therefore  travel  tlirough  tite  ether  of  space  at  the  same  rate. 

Terreatrtftl  experiments  for  ascertaining  the  velocity  of  light  mv  IjuuhhI 
upon  i>nK  of  twi)  principles. 

I,  l''i;ii*i»ti'ji  primnplr, — A  niy  of  U};ht  i»  rvudejvd  intennittwui  l<y 
fluihiu^  bi'iwtn.-n  thci  t>«th  of  a  rutJttiuij  <:opvbei.d.  It  travnU  lo  a  distant 
miii-or  ;  <.-ai;h  flash  is  there  re&ected  along  it£  fomiiT  path.  Before  a  Ila&h  con 
a^aiu  reach  the  eo^wbeel,  tUa  co^heol  may  hare  rotated  so  far  that  nn«  of 
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tU  cogi  now  olwtnicts  the  retiimiBK  my  ;  if  n  sufficiently-iiKTeBsed  ipewl  be 
titipu'tud  to  the  vogwhe«l|  the  light  is  allowed  agaia  to  pass  between  tbe 
tvcth  of  thu  wLtfvl  tliruujuth  a  neighbouring  notch,  which  has  now  coue  to 
uccupy  the  |)u«itioii  ul  tii-^'t  uccuplvd  by  Uiat  notch  through  which  the  light 
luul  flttshed  on  iu  onwunl  jourut-y.  QIvl'h,  ihtu,  timl  tin;  linhl  hiu  tni\'dled 
ta  a  c<>rtain  diFtanco  and  hack,  and  that  in  Lhi;  uiL'iuitiuic  ihu  cof^whecl  huM 
been  rotated  through  a  certain  nn^le,  it  te,  in  principle,  cafiy  to  find  the  speed 
of  prnpapatiTin  <it'  the  light,  Fiucaii  found  this  to  he  31-1  million  melTWi : 
Coniiit  hy  (iinular  c-xi5i;rimiE:ntJ5,  obtained  thi^  value  3()0,'l 00,000  metw-s. 

2.  Foueanlt's  pTineiple. — A  Ikajh  i>f  light  Rlarts  fmm  a  Murce  6 ; 
it  BtrikcB  a  mirror  M,  and  is  rL'tli^-h.-d  to  a  distant  mirror  R,  on  which  it  ta 
fncUBBcd  by  H  letu :  it  ia  then?  rclleclcd  and  Tvtntccs  its  joumey  :  it  is  again 
mtlected  from  M  and  petiiniB  to  S.  If,  however,  llie  min^or  M  have,  in  the 
meEtitiitw,  bt^fn  rotated  peiveptibly  before  the  bt^ani  of  light  ItaH  liad  tliiie 
to  fvtnni  fi-oiii  the  dintjuit  K,  thn  light  chjl  no  long«c  Kt  ivflcetcd  from  U 
Lowurds  tbu  original  puuit  S  ;  il  illiiiuiuutvs  eome  other  poiul  T.  Tb«  dis- 
tance bclween  S  and  T  can  bii  mfnaiinjd  ;  the  amount  of  rotation  of  the 
mirror  SI  in  the  tiiiiu  taken  by  tlict  light  to  go  from  M  to  R  and  back  can 
be  inferred  from  tliie  ;  the  amount  of  rotation  of  the  mirror  M  enn  he  rtad 
off  on  a  i^pi-i-d  -  indicator  auiiched  to  the  rotating  ajv(MU-.i.tiiH :  the  distanoe 
ImvpMcd  by  light  in  oni^  wirond  cjin  ht  iiscertained  hy  calculation  from  ibMC 
datA.  There  in  no  need  to  uw  iriMtnntuncoUK  t1a#hes  of  light  from  S ;  the 
steady  beam  from  S  Teflt-ctcd  from  the  rotnting  mirror  M  only  encounten 
the  small  fixed  mirror  R  for  an  ioBtont  once  in  the  course  of  each  revolution, 
and  i«  thuB  Tendered  practically  instantaneoos. 

By  thin  lueaiiR,  with  a  mirror  rotating  1000  times  in  a  ocoond,  Poiicaidt 
demonstnited  that  H^ht  Uikes  a  meoHnrablo  time  to  puss  tbmuKli  a  d)s> 
tance  of  7  or  8  yards,  LonJ  Itsyleigh  has  eIiowq  that  these  different 
methods  cannot  be  expected  to  ;;ive  the  ^ame  reeults,  for  it  ia  not  pivcitvly 
the  same  thing  which  is  obsen-ed  in  all  these  caees.  In  wme  (abernvtjon 
iiivthod)  llic  Hpeed  uf  single  waves  i»  obbci-ved  ;  in  othci-a  (Fizcau,  Jupiter's 
RiiU-dlitt*)  lliL-  ^[n-t'd  of  jiryiJiH^ation  uf  u  cvrtuiu  i>ctulinrily,  intomuttcaoe  ; 
in  others  (FouoluU)  tham;  at-e  blended. 

Ab  a  mean  rogult  it  may  be  stated  tliat  the  velocity  of  ether- 
waves  iu  a  vacuum — that  ia,  in  the  ettier  of  space — ia  3  0  0,5  7  4,0  0  0 
metres  per  second. 

Fr»»m  this  it  follows  that  K,  the  rigidity  of  the  ether,  and  p,  it«  density 
in  vaatOt  are  definite  in  amount,  and  bear  to  one  another  the  relation 
K  =  p  X  (3a067,4OO,Ol)0f;  for  u  =  ■[  \'K  -T-"p}  centimctrea.  The  in«an 
velocity  iu  aJr  is  Icsa  than  that  in  vacuo  in  the  rutio  of  1  to  r000294. 

It  is  generally  believed  that  light  of  all  colours  tmvela  with 
pxinnl  velocities  tliroiigh  air,  though  some  doubt  has  been  cast  on 
tliis  result  by  tlie  recent  experiments,  of  Forbea  and  Young,  who 
find  that  blue  light  travels  -more  rapidly  in  air  than  red  light  doee, 
in  the  ratio  of  1018  to  1000. 

By  A  modification  of  Foiicaall's  method,  ahovc  dcwribcd,  the  relative 
«pecdH  of  light  in  two  differtiit  tmnapureut  media,  or  in  the  same  median 
at  different  tvmperatutcs  or  under  different  prvsaurc^,  may  be   oomparvd. 
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The  light  between  ^t  nnd  R  ha»  to  travcr»c  n  fpooe  id  wbich  a  ccrtAio.  lliick- 
Qcss  of  the  niciliimi  v;h.i.f9c  retoiilin^  i>owor  »  tu  tw  cxainin«d  may  bf  laid  in 
tlic  pat.Ii  cif  llic  Wuii :  ihc  bcuni  niny  be  cxpowtl  by  having  to  pats  through 
this  m.'diiiin  to  a  rctanlalion  which  is  rcntleped  manifest  and  mcoaurablc  by 
an  alI«mtion  of  the  ptwitiini  of  the  imngd  T. 

Thf  Physical  Intensity  of  light  at  n  place  is  nieasuretl  by 
tlie  energy  tmiisDiitt^il  tbrongh  that  place  in  a  second  of  time; 
for  light  of  constant  colour  tliis  intensity  is  also  proportional  to 
its  Ijiiglitness  as  perceived  by  the  eye. 

IldiLx-  Ibetv  an:  two  incthiKiB  of  Dic^urin^  the  intcasity  of  a  beam  of 
light: — 1,  Calorimctrical :  allow  tlic  beam  to  fall  njjon  a  lhcrnio])ile, 
Mill  estiiniite  th*  int*?iJiiity  of  1he  lij;bt  by  thi;  amount  of  liejit  intu  uliicli  it 
U  coiivertj^il  ti|iiiEi  (ihi«ir]itiDii ;  tlifi  tn^iuii  iu  l\n»  case  havin^j  undfi'ij^ine  a 
pn:UiiiIiuLr>'  virciu^  lbrL>U|jh  aluiu-wiiter,  wliicL  iib«urb8  tliv  htal-ravK, 
2.  Phuiomvtrical  ;  tv^-u  »uurci»  vf  li),;tiL  <uv  pluoud  itt  fiiicli  diGtaucfs  from 
iin  tUuminatvil  body  ibut  tbuy  appear  to  jM-oduce  tlio  Eamc  eOect,  Biii-h  u 
mjiibI  fibadowH,  «r  f<:j«nl  illuniiuution  of  the  two  ejdea  of  a  disc ;  but  thiP 
method  JH  only  acrumU'  when  tlia  two  ligtiU  to  be  ccmijiareil  lire  of  i'.xact1y 
the  cuini;  crdour.  The  inti!iipit.y  of  iLctiiiic  mdiutinn  lEinv  he  (■cLiiimUMl  by 
obwrvinj;  the  depth  of  tint  produced  in  a  piece  of  ^iholM^Tuphic  pajfcr 
exp(>.«<.'d  for  n  ffivcn  tini'C.  The  lota)  intensity  of  radiation  may  be  meiuurt^d 
calDrioicrtrically. 


Mode  of  Pkopagatios — Polamsation. 

Waves  of  light — uader  wliich  term  we  slmll  for  the  momeot 
include  all  forms  of  utliur-waves — liave  the  peciiliaiities  of  propa- 
gation characterising  waves  whose  wave-length  is  generally  sraall 
in  comparison  with  the  breadth  of  their  wave-front  They  do  not 
uflually  diverge  laterally  from  the  directions  mapped  out  hy  the 
nomiala  to  their  wave  -  fronts ;  or,  as  it  is  eommoaly  cxprossed, 
Light  travels  in  straight  lines;  thoy  can  only  so  diverge 
wlieti  they  arc  made  to  pass  through  apertures  or  round  obstacles 
not  very  much  greater  in  breadth  than  their  own  wave-lengtii. 

The  light  from  a  single  luminous  point  is  propagated  iu 
spherical  waves ;  that  from  such  an  extended  object  as  a 
candle-flame  in  waves  which,  at  some  distance  from  the  source, 
are  approximately  spherical.  If  light  from  a  wide  source  be 
made  lo  pass  through  a  narrow  tube,  or  successively  to  traverse 
e<iual  aperUii-es  in  two  opaque  screens,  at  such  a  distauce  from 
the  source  that  the  wave  passing  through  the  second  screen  has 
a  plane  front  (see  Kig.  57),  then  on  the  lurther  side  of  the  second 
screen  there  may  be  tin  unwideniug  ur  parallel  beam  of  light 
Such  a  parallel  beam  of  light,  as  it  traverses  space,  may  be 
compared  to  a  vibrating  string  of  ether,  isolated  in  the  ether, 
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vibrating  independently,  and  practicaHy  unaffected  by  llie  ether 
ftitoated  laterally  with  respect  to  it  Such  an  isolated  cord  of 
tjtlier  may  enter  into  vibrations  of  different  kinds,  analogoxis  lo 
the  vibratious  of  strings. 

1.  ll  may  trausvei^cly  vibrate  simply  up-aud-dowu,  or  from 
side  to  siii«,  or  in  any  othw  single  direction, — its  vibrations  aw 
restricted  to  one  [>laue ;  it  is  then  called  a  buam  of  Flane-Polax- 
ised  Light. 

liy  a  convention  as  to  whicli  there  is  some  dispute,  a  plane 
cutting  the  beam  in  its  whole  length,  but  at  right  angles  to  the 
piano  in  which  the  ether  vibrates,  ia  called  the  Plane  of  Polar- 
isation. The  vibration  of  the  ctlmr  is  thus  elTecled  at  right 
angles  to  the  plane  of  polarisation. 

2.  Its  vibration  may  be  rt^^oliible  into  simnltaneous  tnuisverae- 
vibrations  in  two  planes  at  right  angles  to  one  another. 

(a.)  These  may  be  of  equal  period,  and  the  vibration  in  one 
plane  may  be  ^  period  behind  or  in  front  of  that  in  the  other ; 
looked  at  endwise,  any  part  of  the  ether  in  such  a  beam  would 
necessarily  be  seen — if  it  could  be  rendered  visible  like  a  Inight 
point  on  a  vibrating  string — to  e.xecxite  small  eircular  vibrations. 
Such  a  beam  of  liglit  is  said  to  h^  Circularly  Polarised.  Looked  at 
from  one  side  the  vibration  would  apparently  ])rogress  like  a  screw. 
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A  rnntmon  corkacrew  ia  a  ri^litrhnnili^  spin],  A 
frimjile  oxjH-rimi-nt  witli  a  string,  one  cn*l  of  vbich  ia 
fixed  to  a  vrtM,  wliik-  th«  ntlicr  a  belil  in  th6  band, 
will  ftliow-  t)iut,  in  oMler  to  i]ii]:ire9s  upon  the  string  the 
ri^^lit-liaiidtj  gpiral  form,  we  must  mUit*;  tlic  fre«  end 
iu  a  diruirtiiHi  u]i]ju»t  J  to  tliat  of  tin.-  hamln  of  u  watch, 
Sat-.h  ia  th<;  tiiuwiiKiiit  u(  n  !>n-c:iU<?iI  right -handed 
circularly-polariaed  beam  uf  li^ht.  Whrii  the 
rutaliuu  ia  in  t\u:  <i|>po»iti-  seii^i-  the  <:in'Ul«'l.v-pulariM^(l 
vay  ia  left-banded.  Fi;^.  126  eliuwe  tlio  direction  of 
pnijKi^'utiiiii  mill  of  ii>lJition,  luid  thu  fciniia  Bsutocd  by 
tliu  vibnititLg  utWr  in  u  ri^flit  (R;  ami  in  a  left-hatidod 
(L)  my  rwpcctircly. 

(b.)  The  circle  may,  by  a  difference  of  phas« 
other  than  ^  period,  be  converted  into  an  ellipse. 
A  beam,  the  ether  in  which  rotates  ia  an  cUipso, 
is  called  a  beam  of  EUipticaUy-Polarised  light; 
this  aj;nin  may  1m;  right  or  loft-baudod. 
(i:.)  Tim   [Hsriods    of  vibration    iu  tlie  two 
may  not  be  f-rjual,  Imt  may  bo  commensurable.     A  beam 
t  of  this  kind  would   present  niovementa  which,  looked  at 
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end-on,  would  present,  for  each  portion  of  tlio  vibratiDg  etherj 
figures  like  those  of  35-40,  etc 

(d)  The  pariods  of  vibration  in  the  two  planes  may  not  be 
commensurable  or  even  coiiatant,  and  further,  the  vibration  in 
each  plane  may  be  variable  in  its  amplitude.  In  such  coses  the 
vibration  would  rapidly  run  through  a  groat  variety  of  figurea, 
circles,  ellipses,  figures  of  eight,  and  non-reeiilTant  complex  liar- 
nionic-curves  of  every  kind.  This  is  the  condition  of  a  beam  of 
Common  Light  Ko  single  plaue  has  any  advanU^e.  If  for  a 
moment  the  auiplitude  in  any  particulax  plane  preponderate,  this 
is  but  momentary' :  and  since  the  most  irregular  trausversO'Vibra- 
tion  can  be  resolved  inlo  a  vibration  up-aiiJ-dowu,  and  one  sido- 
to-side,  or  may  be  resolved  in  any  other  two  planes  arbitrarily 
chosen  at  right  augles  to  each  other,  a  beam  of  cummon  light  may 
be  held  to  be  the  result  of  the  superposition  of  two  simultaneous 
irregular  transverae- vibrations,  each  plane -jwlarised,  each  pos- 
Beaaed  of  half  the  energy  of  the  whole  vibration,  and  both  pro- 
pagated with  the  same  velocity  through  the  ether. 

The  doctrine?  of  composition  nnd  resolution  of  harmonic 
motion  are  applicable  to  each  small  portion  of  the  ether  within 
such  a  transversely-vibrating  beam,  just  as  they  are  to  trans- 
versely-vibrating  Htrings. 

A  beam  of  common  light  encountering  an  ubjuct  which  is 
selectively  truuspai-ent  to  vibniLious  in  one  ]iLaiie,  but  upuque  to 
vibrations  in  a  plane  at  right  angles  to  this,  will  have  the  latter 
vibmtions  extinguished;  it  will  lose  half  its  energy;  the  beam  to 
which  the  object  is  transparent — the  transmitted  beam — will  have 
half  the  energy  of  tho  original  beam  ;  and  all  its  vibrations  being 
executed  in  one  plane,  it  will  be  a  beam  of  Ftane-polarisod  LighL 
A  bfwly  whirh  acts  in  this  way  on  a  beam  of  common  light  is 
called  a  PolarUer. 

A  beam  of  plane-polarised  light  falling  on  a  polariser  will, 
should  the  plane  in  wluch  its  vibrations  are  executed  happen  to 
coincide  with  the  plane  of  those  vibrations  to  which  the  polariser 
is  transparent,  be  found  to  pass  through  it  freely:  if  the  plane 
of  vibration  be,  on  the  other  hand,  a  plane  at  right  angles  to  the 
plane  of  the  fteely-transmitted  vibr;itiom9,  no  vibration  can  get 
through,  no  light  is  transmitted,  and  to  light  polarised  in  such  a 
plane  tho  seloctivcly-transparent  polariser  proves  perfectly  opaque. 
If  the  condition  bo  intermediate — that  is,  if  the  plane  of  the 
actual  vibration  and  the  plane  of  free  transmission  through  the 
polariser  be  neither  coincident  nor  at  right  angles  to  one  another — 
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then  the  actual  vibrations  of  the  plane-polarised  light  mtut  he 
resolved  into  two  component  plane- polarised  vihmtions  at  right 
angles  to  one  another ;  these,  looked  at  end-on,  carry  out  the 
principle  ot  Fig.  42  ;  and  of  these  components — the  one  in  the 
plane  uf  free  transmission,  the  other  ut  right  angles  to  that  plane 
— the  former  i&  trausuuitud,  while  the  latter  is  extingtiisheU  by 
abaorptioD,  its  energy  betximing  converted  into  heat. 

When  nrrlinurr  light  baa  ha<?  n  cprtjiin  proportinn  of  its  ribr&tioTK  in  a 
given  plane  qoenchcH,  while  in  lh«  plnnc  at  ri^'ht  angles  to  thia  thtj  ut 
not  <]ucncb«l  at  m,  at  not  quonclnsl  in  equal  proportionr — it  iii  in  a  state 
of  partial  polarisation,  and  is  called  Partially-Polarised  Ligbt. 

A  plane-polarised  beam  of  light  may  not  only  be  resolved 
into  two  at  right  angles  tn  one  another  and  coincident  in  phase, 
but  also  (see  Figs.  46  and  47)  into  two  circnlarly- polarised 
beams,  the  one  left-handed,  the  other  right-handed.  If  it  he 
supposed  that  a  transparent  body  or  a  region  of  space  is  so 
peculiarly  constituted  or  stressed  that  a  left-handed  circularly- 
polarised  beam  travels  more  rapidly  through  it  than  a  right- 
handed  one  can,  then,  ou  pausLag  a  plane- polarised  beam  of  light 
through  such  a  region,  the  left-handed  circular  comx>oneDt 
emerges  with  its  phase  less  advanced  than  the  right-handed  one ; 
but  the  plauB-polarised  Ught  equivalent  to  the  synthesis  of  two 
such  circularly-polarised  beams  can  no  longer  be  due  to  a  vibra- 
tion in  the  original  plane  ;  the  plane  has  been  turned  round  a 
longitudinal  axis  in  the  centre  of  the  beam ;  and  the  further  & 
plane-polarised  beam  travels  through  such  a  body  or  region  of 
space,  the  greater,  in  a  direct  ratio,  wiU  he  the  rotation  of  the 
plane  of  polarisation  of  that  beam — a  result  observed  in  many 
casen.  and  to  be  described  under  the  head  of  the  so-called  Botatory 
Polarisation. 

When  tlic  Irft-hondcd  component  is  relatively  accclcmtcd  in  Its  timnmuA- 
uon,  or  Tclardod  in  ite  phofii;  of  emergence,  tlie  plane  is  rotated  to  the  left^ 
that  ia,  to  an  ubscrver  eUtioned  nt  the  source  of  light  the  plane  of  polAruAtioo 
nf  tlie  receding  beam  i»  neeii  to  rotate  in  a  direction  nppoHed  to  Uiat  of  tht 
liikiidH  of  a  watcli  :  the  iimnR-rapidlf  travelling  loft-ltandt^d  component  u  at 
fuiy  point  Iciw  Hdv»nced  in  jdmKi  tlmn  llitt  iiiure-i>lowiy  travelling  n};lit-bsnded 
comjioncnt  at  tlic  wiiin:  point ;  the  cimtmry-to- clock  rot«tioti  of  the  right- 
handed  ray  prenuls  over  the  less  adranced  clockwise  rotation  of  tlie  left-haad«d 
lay. 

Reflexion  and  Refraction. 

When  a  ray  ol  light  travelling  in  a  rarer  medium  strikes  the 
surface  of  au  optically  denser  transparent  medium,  some  light  Is 
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reflected,  some  refracted ;  ami  if  tliure  liad  been  neither  absorption 
nor  acatteriiij^,  tJie  energy  of  the  rellecteil  ray.  togetlier  »*ith  tlmt  of 
ilie  refracted  ray,  would  have  been  equal  to  that  of  tlio  incident  rny. 

The  incident  my  and  the  reflected  ray  are  in  one  plane :  this 
18  called  the  plane  of  incidence.  Tlic  plane  of  incidence  is  at 
right  angles  to  the  reflecting  surface  at  the  point  of  incidence  and 
reflexion. 

The  vibration  of  the  incident  light  may  be  either  at  right 
angles  to  the  plane  of  incidence, — ix.,  parallel  to  the  reflecting  sur- 
face,—or  it  may  be  in  that  plane,  in  which  case  the  vibrating  ether 
will  not  brush,  but  will  strike  the  reflecting  aurface :  or  it  may  be 
in  any  intermediate  direction  or  sequence  of  directions. 

Frt'snel,  in  inviwlijiating  this  auLjcct,  made  the  following  asantnptioiui, 
vix. — (I)  that  of  the  conaerration  of  tires  vimt*  or,  a»  we  woiitil  now  my, 
the  Conservation  of  Enei^'y  ;  (2)  Uiat  the  movement  nf  LLe  hiciilfnt  ray  Uf  tigev 
continuo\isly  intu  Hint  of  Ihi.-  ivfrnrt^^l  ray  ;  (3)  thitt  vrhili-  it  diirx  ttiy  ctHitinii- 
ouiOy,  it  HiK*  IK)  very  ra[ii<ny  at  thp  mirfaci!  of  scjianilion  ;  ami  (4)— «  very 
arbitrury  luwtiraptitni— tliat  differences  of  vtOwity  of  etlier-waves  in  different 
sahstances  are  due  to  diiferenceii  of  deimity  of  the  ether,  irlioee  elutid^ 
remains  nn affected. 

Jb'toEQ  these  poetuUtes  he  »howed — ' 

(1.)  If  the  incident  beam  he  a  plane -polarised  beam,  vibrating 
parallel  to  the  reflecting  surface,  the  refracted  and  the  re- 
llected  are  also  plauo-polarised  beauiB  whose  vibrations  are  parallel 
to  the  original  direction. 

(2.)  The  frequency  of  vibration  is  unaffected  by  reflexion  and 
refraction  :  the  colours  of  the  incident,  reflected,  and  refracted  rays 
arc  the  same. 

(3.)  The  angle  of  incidence  is  equal  to  the  angle  of  reflexion. 

(4.)  The  sine  of  the  angle  of  refraction  bears  to  the  sine  of 
the  angle  of  incidence  a  constant  ratio,  n,  the  "  Index  of  Refrac- 
tion ;"  the  numerical  value  of  n  depends  upon  the  nature  of  the 
two  media.     Sin  t  =  w  ain  n 

(5.)  Tlie  amplitudes  of  the  three  rays  are  related  to  one  another 
in  the  following  way; — 

The  angle  of  incidetice  in  i ;  that  of  re&action  is  r;  the  intAanty  of  the 
incident  my  =  /     Then  v,  the  amplitude  of  the  reflected  ray,  ia  eqnal  to 

(  -  .  — .-— -^j;  while  u,  the  ampUtudo  of  tL«  iefrocbi.Hl  ray,  ie  equal  to 
\  wn  (i  +  r)  / 

(— ] .     Prom  the  former  formula  we  leant — 
Bin  it  +  r)/ 

•  Vis  viva  =  Sm^;  eneii^  =  £  -5-  ■ 
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(a)  That  the  greater  the  angle  of  incidence  *,  the  greater  it  *,  the  atnplt* 
tnde  of  the  refltrftril  my, 

(&)  That  when  the  incJiJent  ray  h  so  nearly  parallel  to  the  sorfaca  of  the 
glaM  as  simply  to  graze  it,  the  retlectecl  ray  U  ec^ual  to  the  incident 
one  and  the  refracted  ray  is  niL 

<()  Tbftt  wlieii  1 13  greater  than  r,  f  is  negative  ;  while  wbea  «  is  leaa  than 
r,  V  ia  poHitivi;  ;  or  in  wonls,  when  a  my  strikes  the  surface  of  a 
dL'nscr  uicdiiiin,  ttie  reflected  my  ia  a  direct  continnation  of  tbs 
incident  ruy,  changed  in  direction  ;  wliilu  whun  li^ht  imreU  in  ft 
denser  medium,  lialf  a  wave-Icnyth  is  loet  on  reflesion  at  the  sur- 
face of  a.  rarer  medium.  Thia  conclusion  ia  independent  of  any 
8Uch  hypnthpHiH  an  la  particlpji  aa  that  hy  vhich  we  have  already 
illuHtratcd  the  oAni^  propositions  on  pages  1  IS  and  1 18. 

(6.)  The  respective  mtouaitiea  of  a  reflected,  a  refracted,  and 
the  LQcideiit  ray  »re  in  the  ratios  of 

sin'  (i  -  r)  ,    sin  SC  sin  Sr 


aiu'  (»  +  r]  win*  (i  +  r) 


1. 


(7.)  When  light  travelliug  in  a  denser  medium  fitrikea  tho 
surface  of  separatioa  between  the  denser  and  a  rarer  medium  at 
such  au  angle  i  that  siu  i  is  greater  than  n,  botti  reflexion  and 
refraction  arc  possible ;  but  if  the  angle  of  incidence  bo  such  that 
sill  iz=n,  then  sin  r~l,  and  the  my  refracted  into  tlio  rarer 
medium  grazes  the  reflecting  smface,  for  r  =  90";  and  auy  light 
falling  still  more  obliquely  upon  the  surface  will  he  Totallj 
Eeflected,  the  reflected  ray  possessing  the  whole  energy  of  the 

original  incideut-ray.     In  the  last  coae  sin  r= .which  is 

n 

greater  than  1 ;  and  r,  the  angle  of  refraction,  ia  an  impossible 

angle ;  there  is  therefore  no  refraction. 

In  Fig.  157  the  ray  AO   is  partly  reflected  to  A"  and  partly 

refracted  to  A' ;  the  roy  BO  is 
partly  reflected  to  B"  and  partly 
refracted  to  B',  the  refracted  por- 
tion grazing  the  refracting  sur- 
face; the  ray  CO  is  wholly  re- 
flected to  C",  and  is  not  refracted 
at  all  itito  the  rarer  medium. 

As  examples  of  Total  Koflex- 
ion  we  may  take  a  tumbler  of 
water  lield  above  the  head ;  it 
wilt  give  a  clear  mirror-image  of 

the  objects  on  the  table  below  it ;  a  bubble  of  air  in  water,  or  a 

teat  tube  containing  air  immersed  in  water,  will,  when  looked,  at 


fig.m. 
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at  a  certain  angle,  appear  to  have  as  bright  a  mirror-surface  as 
that  of  mercuiy.  In  Fig.  158  light  entcrinfj  a  total -reflexion 
prism  at  M  is  totally  reflected  at  O,  and 
travels  towards  It,  which  it  reaches  with- 
out refraction. 

(8.)  The  energy  of  a  ray  totally  re- 
flected is  equal  to  that  of  Hie  ineident 
ray  j  there  is,  however,  a  alight  retarda- 
tion nf  its  phase. 

Thf'se    laws    all   apply   to  vibrations  '"" 

executed  at  right  angles  to  the  plane  of  incidence,  and  were 
dediR-ed  by  Freanel  from  the  fundamental  hypotheses  already 
mentioned. 

Let  us  now  turn  to  tlie  reflexion  and  the  refraction  of  plane- 
polarised  light  whose  vibrations  are  at  right  angles  to  these,  and 
are  thus  executed  ia  the  plane  of  Incidence. 

In  lie  refmcled  «n<1  nrrtcctod  mys  tlie  vibriitions  will  »till  be  in  the  piano 
iif  inci^lnncc,  btit  they  Mtiiii^t,  after  enooimtcrint;  the  rcfmctin^;  mirface,  remiun 
parallel  to  their  oriKinnl  direction.  The  coiueqiience  deduced  by  Freeafil 
from  thiB  is.  that  wMIp  tho  orcUnojy  laws  of  refraction  and  refleiion  arc  obeyed 
by  Mch  plonc-polanaed  light  ao  far  an  iliructinnM  an-  cAncenie<l,  the  relative 
int«iiMtie«  of  Ihv  incicWnt,  the  reflected  and  the  ri;tnict«d  liKht,  art>  nut  U)« 
»am«  -M  they  were  in  the  preceding  case,  but  are  now  respectively  in  the  ratio 

.        .  tan"  [t  -  r)  _         Bin  2  f  sin  2  r 

lan^  (,i  +  r)  '  si  ii*  (i  +  r)  coer  (»  -  r) 
incident  :     Tvflected     :  refracted. 

*nte  intciMity  of  the  n>Hvc'U.>d  li^bt  is,  in  a  piirtlcular  ca«^,  nil ;  that  in, 
when  {tan'  (i  -  r)  -f  tan''  (i  +  r)  =  0,  or  when  (t  +  »"}  =  90*. 

In  Fig.  159  the  my  AO,  whoso  vibration  is  in  the  plane  of 
incidence,  falls  at  such  aii  angle  i 
that  it  is  refracted  along  OA' ;  if  it 
bad  been  reflected  at  all  it  would  have 
been  reflected  along  OA" ;  at  one  par- 
ticular atiRle  of  incidence,  AON,  the 
refracted  ray  OA'  and  the  rofleetcd  ray 
OA"  (if  there  had  been  such  a  ray) 
would  have  been  at  right  angles  to 
one  another.  When  the  angle  of  in- 
cidence and  the  angle  of  refraction  together  make  np  a  right 
angle,  there  is  no  reflected  ray ;  no  vibration  effected  in  the  plane 
of  incidence  is  roflected  at  all,  and  a  plane-polarised  ray  of  this 
kind  falling  at  the  appropriate  angle  of  incidence,  however  bright 
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it  may  bn.  will  fail  to  be  rettected  from  a  minor.  Thia  is  a  case 
of  Total  Refraction ;  tlie  whole  of  the  energy  of  the  incicJent  ray 

is  in  the  Tcfmctci^  my.  When  the  incident  light  grazes  the  refract- 
ing surface,  the  reflected  beam  also  grazes  it,  and  there  is  no 
refraction. 

Wliea  Vig\il  whoM  vibration  is  in  the  plaso  of  ianileiuie  !>  totally  rcflect«d, 
it  undergoes  k  xligUt  rctnnlution  or  phue,  len  dun  tlut  ofagei^od  iu  tl» 
cam  of  light  whose  vibration  is  at  right  ftoglca  to  tlie  pkuc  of  iiioidt:no& 

From  these  results  it  is  easy  to  puss  to  the  case  of  light  whose 
vibration  may  be  considered  to  he  the  result  of  the  composition 
of  vibrations  parallel  to  the  plane  of  incidence  with  others  at  right 
angles  to  that  plane.  Such  light  may  be  plane-polarised,  vibrating 
in  some  plane  neither  that  of  incidence  uor  one  at  right  angles  to 
it ;  it  may  Iks  circularly-  or  elliptic  ally-polarised  lights  or  it  may 
be  common  light.  In  all  these  coses  each  component  is  reflected 
and  refracted  acconliiig  to  its  own  laws.  In  thia  way  tho  roflected 
and  refracted  rays  may  come  to  differ  in  character  from  one  another, 
and  from  the  original  ray.  As  an  extreme  cast;,  let  a  beam  of 
common  light  fall  upon  a  piece  of  glass  at  such  an  angle  that 
ft  -j-  r  =  90°  (i'ig.  159)  ;  of  that  part  of  the  incident  beam  which 
IB  due  to  vibrations  executed  at  right  angles  to  the  Plane  of 
Incidence  there  is  reflected  a  certain  proportion ;  of  that  part  of 
the  incident  ray  which  i.s  due  to  vibrations  parallel  to  this  plane 
there  is  reflected  none.  The  light  reflected  from  glass  at  such  au 
angle  has  its  vibrations  thus  restricted  to  a  plane  at  right  angles 
to  the  plaue  of  incidence ;  it  is  plane- polarised  light.  A  piece  of 
glass  held  in  the  course  of  a  beam  of  common  light  at  the'proper 
angle  may  thus  be  used  as  a  simple  means  of  obtaining  a  beam  of 
Lglit  I'laiic-l'olarised  by  lieflexion. 

The  pretiee  ntigle  nf  inddi-nee  »',  fot  which  »  +  r  =  90',  IS  CAllod  Um 
Angle  of  Complete  Polarisation,  It  ili-iiemU  iipuii  >•,  the  refnwtivK 
index  uf  the  reriuctivi;  )iub$EAni..i>,  itnd  the  luiglu  i  is  cucli  that  tan  i  =  m  foe 
gin  •  =  n  mh  r  =  n  eoa  t. 

Such  are  tlie  consetjiionces  deduced  by  Fresnel  from  the  hypo- 
thesis that  tho  Ether  is  condensed  around  the  particles  of  oTdinaiy 
matter  while  its  elasticity  remains  unaffected, 

Neumona  and  MacCullngh,  J'rnni  the  contmry  liypotli(«i« — that  tbe 
dcniity  of  the  Ether  is  tho  tuuue  iu  all  suhstainces,  vltilc  ito  claaticity 
JH  different  iu  tlifftrvnt  au!baLunc(}^- — dctluccJ  a  set  of  fldnchiBions  precisely 
Eiinilar  to  those  above  given,  with  this  rt?inark.ibli>  difrercn(>«,  that  the  pro* 
pcrtiea  fittribtitftil  by  FreRne!  tn  pKine-poUrined  ether-waves  who«eosciUatioiit 
are  effected  at  right  Angles  to  the  plane  of  incidence  &r«  by  the  latter  vrrilen 
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found  to  be  awociatod  with  plflnc-poUrised  light  ■whoao  vibratioTU  are  pftrallcl 
to  that  plime,  and  t^  vertd.  The  fundamental  |>0filDtatfit  uf  the  twu  Uicoriu 
an  closely  associated  with  these  con«c>jiieuceii. 

We  Dmist  now  tiim  to  a  point  of  t«rminolc^.  When  a  Leam 
falls  upon  a  mirroi  at  the  angle  of  completo  polaiisatiou,  lite  re- 
flected ray,  if  there  be  any,  is  plauo- polarised  ;  aud  it  is  said  to 
be  polarised  in  the  plane  of  incidence.  Aucordiug  to  Fresnors 
view,  tlie  vibrations  of  this  beaia  are  aii]ipoBed  to  be  executed  in 
ft  direction  at  right  angles  to  the  plane  in  which  it  is  said  to  be 
poiarised. 

The  qucfttioQ  b«twt.'en  tlie  Tollowcn  of  Frcmi;!  and  Cauchy  on  the  one 
liand,  and  those  of  Neumann  ildcI  &{acCiillag]i  on  the  other,  nmy  thus  be 
Ktated  :  Are  the  vibmtiona  of  plajK'-iwlapiwd  light  ewcuted  at  right  angle*  or 
]iaiullel  to  the  plane  id  whicli  Ih*  light  is  Miiil  lo  he  iiokri-td — a  plane  which 
by  <:>:iiu'«iition  is  oalluil  tliu  plane  of  polarisation  ?  Tbii  qticvliuu  is  etill 
tubjudicf.  Though  it  Hivmud  until  n-ci-iitly  tltul  Frvsui-rs  view  had  dvEinitely 
P^uruili^d,  aiiJ  that  tho  Tihnitieu  of  ]yL'ljuificd  litflil  is  ut  ri^iht  atiKlu^  to  ita 
plane  of  jmlarinatioti,  yet  In  repeal  tiwea  ihi!  contrary  \ww  has  met  with 
increoiiing  favour,  cBpecially  cincc  the  elflctromftgnetio  theorj*  of  the  propaen- 
tioTi  of  hght  hftfl  lieen  promulgated  ;  thia  theory,  due  to  Clerk  MftrweU, 
dcmoniU  that  the  Tibratione  of  a  phmc-poloriseil  ray  be  in  the  plam:  of  polor- 
iaation,  not  at  right  angles  to  it.  A  further  consideration,  which  lenda 
probability  to  this  view,  is  derived  from  certain  mutlicmatiefll  diflicnltiea 
whrirli  nri«B  fruiii  tlw  adriiii!*ion  of  Fivnifl'**  mrwiid  hyjiylhi.-aii',  that  thw  move- 
mwut  of  the  ether  in  the  Kecond  ineilium  is  continuuu»  with  that  in  the  first ; 
for  iim  hypothesU  is  found  to  lead  directly  to  the  Loncluaion  that  the  density 
of  the  ether  in  the  two  mt.-dia  miist  be  tlte  same,  and  is  therefore  one  whioh 
i»  incooipatible  mith  hia  fourth  hypothc>tii>. 

Wlien  ordinary  monochroinntic- light  is  reflected  at  any  angle 
other  than  that  of  complete  polarisation,  the  reflected  and  the 
refracted  beam  must  both  be  partially  polariecd,  and  eacli 
will  be  polarised  to  an  equal  extent,  though  in  contrary  senses. 
In  the  Ttflectcil  Itcam,  light  polarised  in  the  plane  of  incidence 
preponderates  until  the  incidence  is  a  grazing  one :  in  the  refracted 
ray,  light  polarised  at  right  angles  to  that  plane  preponderates  to 
an  exactly  equal  extent,  so  far  aa  the  energy  of  the  vibration  is 
concerned. 

When  mixed  liRht,  Buch  a»  white  light,  fnll^  upon  ii  r<-rri>irting  oiir&tce, 
then  since  ti,  the  index  of  refraction,  is  different  for  each  kind  of  lif^ht,  the 
proportioDs  of  each  coloured  light  present  in  the  reflected  ami  the  refracted 
iQya  respectively  arc  dilTerent;  white  light,  when  reflected  from  a,  refracting 
aurface»  alwayH  bct:oines  bluer,  thi!  refmcted  liglit  redder  ;  aud  we  have  seen 
thin  to  aecnunt  for  the  blue  colour  of  huze. 

The  intensity  of  n  reflected  ray  is  repreecnted  by  {&v?  {%-  r)-4-ain'(V+t^}. 
If  we  pass  to  a  my  of  greater  refrangibility  we  alter  r  to  r,  and  our  intensity 
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becames  {sin'  (<-f)-T-sin'  (i  +  i^},  n'hich  is  alwayi  greater  than  th«  former. 
iniere  the  actual  refraction  i»  greater,  the  correApoudiag  aogle  of  rebactaoa 
is  l«n  ;  wb«refore  in  this  case  f  ia  a  nuaUcr  oiiijk-  tLau  r, 

Xear  the  incidence  of  total  reflexion  some  colours  may  be 
totally  reflected,  others  in  jiai-t  refracted ;  near  tlie  incidence  of 
total  refraction  or  complete  polarisation  an  analogous  result  is 
obtained.  The  slower  waves  of  heat  have  a  lower  refroctiTe 
index,  and  must  therefore  strike  a  refracting  surface  at  an  angle 
somewhat  more  vertical  or  nearer  the  iionnol  than  those  of  lights 
in  order  to  become  completely  polarised. 

"We  thus  learn  that  refraction  and  reflexion  may  materially 
modify  the  character  of  liwht  wliich  strikes  on  a  refracting  surfaoe. 
If,  however,  we  attend  only  to  the  Direction  of  the  respective 
rays^  and  not  to  their  states  of  polariaation,  or  to  their  colour,  ett, 
■we  may  study  the  effect  of  min-ors  or  lenses  in  modifying  the 
directiuu  of  an  incident  Iwani  of  li^ht,  whether  this  be  plane- 
fronted,  convergent  or  divergent.  We  shall  first  consider  the 
case  of  inonochromatiu  light. 

Mirrors. — Plane  mirrors  reflect  light  in  such  a  way  that  the 
reflected  waves  are,  oa  regards  their  direction,  precisely  such  as 
might  iiave  come  from  an  object  or  source  of  light  situated  behind 
the  reflecting  surface,  and  at  a  distance  behind  it  equal  to  the 
'distance  between  the  object  and  the  mirror.  This  is  illustrated 
in  Fig.  Gl,  and  it  is  a  matter  of  familiar  Icnow ledge  iu  the  use  of 
looking-glasses,  and  in  the  appearance  presented  by  the  inverted 
image  of  ubjects  uu  the  tdioru  when  these  are  seen  reflected  on  a 
surface  of  smooth  water,  the  images  then  seen  1>eing  apparently 
at  the  same  horizontal  distance  from  the  eye  as  the  objecta  them- 
selves ;  wliilo  thie  inw^e  of  a  slightly-clouded  sky,  as  reflected  in 
very  smooth  turbid  water,  appears  extremely  decji. 

The  apparent  inversion  nf  an  image  in  a  mirror  is  a  natural 
result  of  the  fact  that  the  image  of 
each  point  is  apparently  situated  be- 
hind the  niiiTor.  Tig.  160  explains 
this  result. 
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Tin-  i*ii<I«r  may  ctmrtruct  a  diagram  to 
"how  Ixiw  it  i»  tlmt  a  mirror  abniil.  half  a 
niun'e  h«iKl)<t|  and  {ilacrd  Dp]x>)>iU-  Uiv  tipper 
half  of  tlie  body,  ^ill  give  lum  a  fuU-leqgth 
iougc  of  hiniRcil 

Tlie  use  of  mirrors  fixed  at  an  angle  of  45".  in  order  to  cast 
the  light  of  the  sky  into  a  room,  or  iu  order,  when  fixed  outside 
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a  window,  to  enable  a  person  within  a  room  to  see  the  passeugen 
in  the  street  outside,  is  sufTioiently  intelligibla 

In  medicine  the  same  principle  is  utiliMMl  in  the  LarfDi^oscopc.  Lif;ht 
falling  from  a  lamp  upon  a  cimcave  mirror  is  ca*t  upon  a  smiiJl  plimc-miiTor, 
lieltl  \>y  meiuiH  uf  a  long  liatidlc  at  an  .-ingle  n(  4&*  within  the  pliarynx  oC 
tUe  [>iitifiit ;  the  liijIiL  is  rvtlcctvJ  iiiiil  ]>iuiwi(  duwn  IowilihI}!  tiiti  larjiix,  which 
is  illiuuiiiatvd  and  l>ocam(»  a  kqiitw  of  li^hl ;  rayn  Tvlurniu^  from  thin, 
passing  upwards,  etrike  the  atnall  phaiynfffol-uiirror,  and  urv  divi-rtLii  hy  tt 
BO  that  they  tiuvene:^  horizoncollr,  the  cavity  of  the  mouth,  aad  pass  tbroiiKh 
a  Bmall  aperture  in  the  ceatre  of  the  concave  nuri'or  into  the  eye  of  the 
observer,  wlio  i»  thus  enabled  to  m}i:  Lbu  larynx  and  windpipe. 

The  brightneas  and  distinctness  of  an  imago  depend  upon  the 
polish  of  the  mirror,  and  oa  its  not  scattering  the  light  wliich  falls 
upon  it.     A  smooth  <!]ean  mirror  i.i,  itself,  almost  invisible. 

A  piece  of  polished  platinum  rcflecta  light  as  well  when  it  iA  whibs-hol 
u  whe^n  it  h  cohl. 

The  imaj!;e  of  an  object  in  a  mirror  can  never  be  brighter  than 
the  object  itaelf.  however  smooth  the  mirror  he.  Hence,  if  a 
candle  be  held  between  two  parallel  mirrors,  the  long  series 
of  images  produced  by  multiple  reflexion  grows  fainter  as  the 
images  aeem  to  grow  more  diataot. 

WhL>n  wu  have  multiple  rGflcxiuns  of  tight  betwMB  two  poUshad  platea, 
if  tho  pUtea  Im>  parallel  and  the  incidence  oblique^  the  TeflaxImiB  are  more 
numemua  the  nftarer  the  platcfl  are  to  one  another.  Tf  the  two  plAtcH  be  in- 
clintd  Ui  one  Another  at  iiii  tinfik'  of  (iO',thc  imugen  of  a  point  lying  between 
tlwm,  the  iniftf^e  of  which  is  multiplied  by  rt.'peatod  reflexion,  are  ao  situated 
that  the  first,  second sixth  form  together  a  symmetrical  kaleido- 
scope-image of  the  point,  a  group  of  images  ranged  roiind  a  central  axis^ 
vhile  the  w^venth  and  fnrtber  imttgi,'*  *:i)incide  with  their  predeCL-Mwrs.  Simi- 
larly for  »ui.h  aiiKh-K  ax  90',  45*,  30",  24*,  and  utber  aiifj^unt  partji  i>r  360*. 


■J 
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When  a  mirror  ia  rotated  a  biiam  of  liglit  reflected  from 
it  is  delk'cted  through  an  angle  equal  to 
twice  that  of  tht*  rotation  of  the  min'or 
itself.  In  Fiff.  161  S  is  a  source  of 
light;  AB  a  mirror;  SM  an  incident  ray; 
MR  a  reflected  ray.  If  the  mirror  he 
turned  into  the  position  A'B',  the  reflected 
beam  is  now  MR' :  the  reflected  ray  has 
swept  through  the  aiiyle  HME',  which  is 
eq^ual  to  twice  the  angle  AMA', 

We  have  already  (p.  116)  considered  some  cases  of  the  re- 
ilexiun  uf  waves  at  parabolic  and  eUiptical  mirrors,  aud  on  seg- 
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mentsof  spheres.  Parabolic  mirrors  are  used  when  it  is  desired 
to  bring  the  plane- froiilvd  light  of  a  distant  8tar  occuratoly  to  a 
focua,  or  to  pmduce  a  parallBl  bi^aiu  of  light :  la  the  latter  case 
the  source  of  light  is  pUced  at  the  focus  of  the  paraboloid. 
Spherical  mirrorg  may  be  considered,  if  we  restrict  our  attention 
to  those  rays  which  fall  very  near  the  centre  of  the  mirror,  to 
have  an  approximate  focus  at  the  tip  of  their  "  caustic  by  re- 
flexion" (Fig.  64). 

When  the  bcAm  is  l>rond  the  ray«  do  not  converge  nccumtoly  to  a  focua, 
and  the  image  of  a  poiut  ia  a  circle,  brightest  towards  ita  ccntw.  This  is  the 
Spherical  Aberration  of  a  miM-or,  which  rendera  its  definition,  especially 
of  wamcwliat  hroai!  nhjects,  very  bail.  In  tutiittqiicnca  of  this  it  i*i  often 
necessary  to  out  off  thn  lutrrtil  niytt  hy  a  iIiA|>]irit^iii,  wliicli  incrvsxus  tli« 
cleorucsH  uf  UuQuition,  though  it  dimiiiiabea  tlia  hrighLneae  uf  the  iinage. 

When  light  coming  from  a  source  at  a  distance  /  is  re- 
flected by  a  concave  spherical-mirror,  it  is  reflected  hack  to  an 
approximate  focus  at  a  distance/'.  The  distance  of  the  source  /, 
the  distance  of  the  approximate  focus/',  and  r,  the  radius  of  the 
mirror,  are  connected  by  the  law 
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When  the  boutm  i»  inflnittly  distant,  7  =  0,  and  /"  =  J  r ;  the  cmc  of 

Fi{[.  64,  pag«  116.  Tbf!  fix^itK  to  which  tbL-  li^lit  converges  in  tbi*  case  ia 
ctlleil  tliu  l'rincipa.1  Focus  uf  the  mirror.  If  the  cunree  of  tha  liyht  b« 
rvverwd,  an<l/=  J  r,  /  =  w,  and  the  li^ht  i«  ivflcctt'd  to  a  fociw  at  an 
infinite  diaUince  ;  it  ia  uppi\>xiinau;ly  parutlel-i'uytd  or  plau«-fronted. 

When  the  Bource  i»  at  a  dclinitu  di»tiiin:i!,  beyond  thewntre  of  the  sphere, 
the  focuK  is  hcLwutn  the  prUicipftl  fociia  und  the  ^co[netrii:al  cimtro  of  th« 
»phi?rw  ;  cunvcrnL'Iy,  when  a  source  of  li^ht  is  W'Lwiwn  tb«  principal  fiwos  ami 
the  ccnlre  of  the  sphere,  the  refle«:lcd  light  convert^B  upon  a  point  at  a  defi- 
nite point  beyond  the  centre. 

Light  radiatiiif{  frfini  thif  ct-ntn;  of  n  xplii^rina)  mirror,  after  refleiion,  agun 
convcrgf.'i  ugirin  tho  saine  jKiiiit.     When  the  nourte  ia  between  tliu  principal 

focus  and  the  mirrorf  it.,  whoa  /  ik  lesft  than  -,  /'  is  negative,  and  t)w 

leflected  myji  eocm  to  divt-rgA  from  a  point  on  the  utber  side  of  the  mirror, 
and  the  TxoAgo  of  the  point  is  imaginary  or  Virtual. 

Pairs  of  points  at  the  respective  distances  /  mid/',  qj*  do&ned 
\ty  this  forrnulii,  are  called  Ooi^ugate  Foci. 

Conjugate  foci  are  found  in  (me  of  the  four  following  relationa  : — 

(a.)  Coinradeat,  both  being  nt  the  geometrical  centre  of  the  mirror. 

(It.)  One  between  the  principal  fooui  and  the  centre  ;  th«  other  hcTMid 

the  centre. 
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(t)  One  At  the  principdl  foc«8  ;  the  other  at  an  infinite  diitaacc  beyond 
the  cenliv. 

[ft)  One  between  tlie  principal  focua  vaA  the  miiTor  it«lf ;  the  uther,  a 
virtual  fi>cUB,  ap[)iirt'iitly  beliiiid  the  mirror. 

If  the  source  of  light  be  not  in  tlie  axis  of  the  mirror,  the 
light  is  Eot  brought  to  a  focus 
in  the  axis,  bat  at  some  point 
situated  laterally.  In  Fig.  162 
the  rays  proceeding  from  A  con- 
vei^'e  upon  A',  and  an  eye  situated 
in  the  direction  of  II  looking  to- 
wards the  mirror  will  receive  rays 
which  appear  to  diverge  from  a 
Beal  image  at  the  point  A',  a 
point  whiuli  the  waves  really  traverse  If  the  source  of  light 
he  an  extended  object.  AZ  (Fig.  163),  there  will  be  formed  au 
inverted  reiil  image,  A'Z',  an  image  prothiced  hy  an  at:tual 
divergence  of  the  rays  froia  a  series  of  points  situated  at  Z'A'. 
In  Fig.  1C3  the  object  AZ  produces  a  diminished  and   inverted 
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real-image  at  Z'A';  or>  conversely,  an  object  at  Z'A'  will  preaent 
an  iuverted  and  enlarged  real-image  to  the  eye  placed  beyood 
AZ,  an  image  which  appears  nearer  tlian  the  object  itself. 

Suppose  that  the  object  AZ  is  tlio  fnTO  of  a  peraon  lonking  at  a  cimciiTe 
mirror,  it  is  plain  that  the  «yca  in  tliiit  faco  itre  eyes  siUinted  hcyond  Z'A'  : 
a  real  image  of  th«  face  ia  ucn,  climinisbed  uml  inverted,  and  apjiarentl}' 
aituat«d  nt  Z'A',  between  the  observer  and  the  mirror,  Ab  the  obs«^rver  ap- 
pnincliex  tliw  mirror,  the  image  appniacbM  him :  it  appeara  to  grow  larger. 
Wlimi  \iw  c_v«  i"  at  the  ^mini'.' Ideal  eentre  of  the  mirror,  the  image  is  hlurred  : 
vhitn  the  eye  is  plac^'d  hetwct-n  the  cx-ntre  luml  lliu  pT-iiLiijial  fm;i]«,  the  iHye 
not  iiAving  either  really  or  apparently  cttiiwi-d  tin«  unntlier,  the  imn^e  i»  still 
blurrt'd.  Wlien  the  eye  posses  between  the  principal  focia  and  the  surface 
of  tlif  uiim^r,  tlie  ray*  reflected  seem  to  come  Ixoni  a  virtual  im^o  Imhind 
tht'  mirror,  whitli  18  erect,  luid  is  Larger  Uie  nearer  the  eye  ia  to  thfi  mirror. 

The  etuili!nt  will  have  littk  dilficulty  in  drawing  the  diogromj  appropri- 
ate to  earh  caae,  ami  in  verifying  the  rcsulta  even  hy  mtmits  of  aiich  a  oimple 
coDcaTe-mirro^r  oa  the  insiile  of  a  watch-case,  or  oi  a  connnou  hu^  spoon. 
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Convex  Spherical -Mirrors. 
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— In  Fig.  164  wc  ftce  that  a 
beam  of  light,  plane-fronted  op 
paTal]e]-ra3'ed,    and    therefore 
coming,  apparently  or  really, 
from  on  infimto  distanco,  is  s»J 
rcHiictcd  that  it  appears,  after 
rcHexion,  to  diverge  from  the 
principal  focus  of  the  principal 
iiiirror,  this  point  being  the  tip 
of  ita  caustic;   while  a  beam 
diverging  from  a  point  A  ap- 
pears, after  reflexion,  to  diveige  Bimilarly  from  a  point  A'  situated 
nearer  the  mirror  than  tlie  principal  focus. 
The  formula  is — 


When  mixed  coloured-light  falls  upon  a  mirror,  all  the  re- 
flected rays,  whatever  be  their  wflve-Iengths  or  relative  intensities, 
ate  reflected  iu  the  same  directions. 

AVbon  a  mirror  in  flexible  and  has  a  varialile  currature,  as  the  fonn  of' 
the  mirror  is  made  to  vary  irr^utarly,  interniitlenUy,  or  i»  accntxUiictt  with 
■ome  barmonic  law  of  simple  or  complex  vamtion,  »<)  thv  int«-n»t/  nf  lif{ht 
nt  any  point  m-ar  the  focuii  T&ne«  im^gitltirly,  inU-niiiltfntly,  or  harmonically. 
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Refraction  of  Light. — Light-roys  are  bent  when  they  reach 

the  surface  of  separation  between 
an  optically  mrer  and  an  opticallyj 
denser  mediiun.  In  Fig.  IGo  Al 
body  situated  at  S  seems  to  be 
situated  approximately  at  S'.  In 
this  way,  if  a  coin  be  placed  in  a 
basin,  and  the  eye  i^laced  iu  such 

—     ^ —  position  as  just  nut  to  sec  it,  water 

poured  into  the  basin  will  bring  the 
coin  into  view.  The  sun  is  seen  before  he  has  astronomically 
risen,  nud  cnntimies  to  be  seen  after  the  true  sunset  A  stick 
placed  in  water  appears  bent,  for  the  image  nf  each  point  nf  ita 
snrfoce  appears  raised  within  the  water  by  an  amount  propor- 
tioned to  its  depth  beneath  the  surface  of  the  water;  each  point 
of  the  image  appears  indistinct,  being  brought  only  to  an  approxi-' 
mate  focus,  and  the  image  of  tlte  whole  is  blue  on  one  side,  red 
on  the  other,  for.  as  shown  in  Fig.  165,  tlte  different  colours  of 
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white  light  travelling  from  any  point  S  are  unequally  refracted 
into  the  air. 

When  light  poseefl  throtiBli  a  noaiber  of  poralleWided  trnn«p«r*Dt  plates 
of  different  dfiiritics,  the  toUl  angukr-deviatioii  prndnw-i!  in  the  mune  as  if 
the  last  of  them  had  alone  bUkhI  in  the  courm  of  IJio  trananutled  light 
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Prisms — Monochromatic  Light. ^ — If  we  confine  our  atten- 
tion to  a  single  ray  of  light 
impinging  upon  a  prism,  we 
may  trace  the  course  of  the 
corresponding  wave-front,  as 
in  Fig.  1 6  6.  The  light  travel- 
ling from  S  strikes  at  the  angle 
of  incidence  i;  it  is  refracted 
at  the  angle  r;  sin  i  =  n  sin 
r  (i.)  It  atrikes  tlie  second  " 
face  at  the  angle  /;  it  leaves  the  glass  at  the  angle  t*;  siii  i'  = 
»  sin  r'  (ii.)  Further,  the  auglea  r  +  /  can  be  proved  together 
equal  to  the  angle  A* ;  r  +  r*  ^  A  (iii.)  Lastly,  if  the  angle 
hetween  the  incident  ray  SD  and  the  deviated  ray  ES  be  V,  then 
i  +  i'  =  Y  +  A  (iv.)t  From  these  four  equations,  which  in- 
volve n,  together  with  the  six  angles,  i,  %',  r,  r*,  A,  V,  we  may, 
if  we  know  any  three  of  these  angles  (aay  A,  i,  and  V),  determine, 
for  the  particular  monochromatic  light  employed,  n,  the  Index  of 
Befraction  of  the  nmterial  of  the  prism ;  this  numerical  quantity 
n  expresses,  as  compared  with  nnity,  the  relative  Blowness  of 
ether-wavea  in  the  prism  as  compared  with  that  in  the  medium 
surroimding  the  prism. 

Tliua,  if  a  pftrticiilar  gluas  priHtn  hnve  the  indcit  1'5  in  nir  fnr  a  mono- 
nhpomAtic  yellow-light,  that  li^ht  trnvcl^  I  '5  times  m  font  in  air  a*  it  docA  in 
th«  t;IaM  otit  of  which  th«  prtsm  ti)u  \tvttn  cuL 

To  find  the  Refractive  Index  of  a  Liquid,  the  amount  of  re* 
fraction  must  be  directly  observed.  Two  telescopes  arranged 
radially  on  a  vortical  circle  or  alidade  ;  light  traverses  tlic  one, 
and  is  rendert-d  parallel  hy  it ;  it  then  impinges  on  the  level  siir- 

*  Th«  Doimalii  to  the  facea  drawn  at  tho  i^ints  of  entraufa  and  exit  of  the  ny 
crou  DUD  aQuChor  at  X  ;  the  quadriUturiL]  AX  has  its  iutcmal  iokIgs  equal  to  four 
rij^ht  anj;1'.'.i;  Iwi  uf  thvfc  (nL  D  ami  E)  iiru  right  anglcn :  th«  rcniaiiiiii^  twa  {A 
and  X)  ar«  tb^rvfore  cr|ua]  to  two  right  auglijs.  lu  the  triangle  OEX,  the  auglea 
r  +  /  ■♦•  X  ate  again  wiual  ia  ISO'  ;  whcDo*  r  +  /  =  A. 

t  Tha  anglta  r  +  r"  =  A  ;  r  +  r'  +  V  =  V  +  Ai  V  =  OED  +  ODE;  .-.  r  +  r'  + 
OEn  +  ODE  =  V  +  A  ;  but  r  +  ODE  =  XDO  =  i;  and  r' +  OED  =  XE0=  »';  .", 
i  +  <'  =  V  +  A. 
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facQ  of  liquid  in  a  central  vessel,  penetrates  it,  leaves  tho  vessel, 
passing  normally  thronj^'h  the  j^lnss  hottuni  of  the  vessel,  and  enters 
the  second  telescope,  wliicli  it  traverses.  The  relative  angles  luode 
by  the  two  telesoopes  with  a  hori2ontal  bar  indicate  the  angles  of 
incidence  and  of  refraction,  which,  being  known,  the  index  n  is 
known. 

,  The  Refractive  Index  of  a  Gas  is  found  by  processes  which 
depend  on  the  aiaoiuit  of  retardation  suFTtired  hy  Light  in  a  long 
column  of  that  gas,  as  will  be  t>ecn  under  "  Interference,"  and  as  has 
already  been  explained  under  "  Velocity  of  Light "  (the  rotating* 
mirror  method,  page  462). 

If  instead  of  a  prism  filled,  say,  ^vith  water  in  air,  we  use  a 
prism  filled  with  air  submerged  in  water,  tlie  deviation  of  a  ray 
travelling  in  the  water  will  be  equal,  but  of  0|ipo.siti;  twnsc  to  that 
of  a  my  iravelling  in  air  and  refracted  by  the  water-priam. 

Ttie  ntfractivc  index  of  (u^^'onic  BT]l»taTtcea  in  found  to  hara  a  close  rela- 
tion to  their  chcmicAl  rniiBtitHtifm.  If  a  niiliHTanci^  wnUiin  carbon,  hydtngen, 
and  oxygen,  ita  formula  being  0,HjO„  and  if  its  fleMsity  l>e  />,  it  is  fonnd 

th*t  the  numerical  qimntity  { x  molecalar  weight  J  i*  conatant,  even 

Lliougli  tilt;  duuity  be  varied  hy  changes  of  tcmpcTsttin.',  and  it  is  called  Lbe 
Molecular  Ili;fractiv«  Powt-r  of  the  Huhfelancc.  Tliii  rt'Tiuctive  pmircr 
may  be  predicted  from  the  chemical  formula  by  linding  the  value  of 
J  6<i+  l'3b+  Sc  |.     Isumcric  subntnucea  hnve  tliu»the  aatne  refractiTe  power. 

If  in  the  last  figure  (166)  light  start  from  S',  it  will  retrace 
the  line  S'EDS  ;  and  the  same  result  will  follow  if  a  mirror  at  S' 
turn  back  the  light  coming  from  S:  on  its  direction  being 
reversed,  light  will  retrace  its  path — a  proposition  applicable 
to  waves  ill  ytMienil- 

Minimiuu  Deviation. — It  is  only  when  the  prism  is  turned 
into  such  a  position  that  i,  the  angle  of  incidence,  becomes  equal 
to  the  angle  t',  that  light  diverging  from  a  source  S  (Fig.  166)  cnn 
converge  upon  a  single  focus  lying  towards  S' ;  and  this  is  the 
position  in  which  the  incident  ray  of  light  is,  on  the  whole,  least 
deviated  by  thp  ]>risni. 

If  mixed  coloured -light  be  passed  through  a  prism,  eacb 
colour  has  its  own  index  of  refraction,  n,  its  own  path  through  the 
prism ;  the  whole  light  is  broken  up  by  Dispersion  into  a  bundle 
of  monochromatic  rays,  each  travelling  in  a  sopurate  direction, 
and  diverging  the  more  widely  from  one  another  the  further  Uiey 
travel ;  and,  received  on  a  screen,  these  form  a  Spectmin. 

Bach  kind  of  tight  ia  differently  deviated  by  the  priHiii ;  and  for  each 
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kind  of  H^lit  llio  nimimum  ilcvlatinn  of  the  priBiu  is  diCTcrcnt;  wlietios  HI 
image  of  &  Blit  loakvcl  at  through  a  prisiii,  or  citst  upon  a  screen,  cniinot  ht 
ehjirply  in  fnctin  iti  nil  [yarts  of  the  Eipectruni  at  once  ;  only  one  colour  cftti  be 
iLcearatcly  in  focun  ut  any  r>ue  time ;  niid  to  x)ut  itny  ^rticnlu"  colour  of  the 
epcctrum  into  focim,  the  prism  must  be  rotalcd  cue  way  and  another  tn  the 
Warn  of  light  until  that  poaition  is  found  for  it  which  corrcBpomla  to  the 
greatunt  H.i>proach  of  tlie  particular  colotit  towardfi  the  red  end  of  the  Hjiuctruii) ; 
thix  ix  fur  that  culour  the  jKmitiocL  of  raimmiuu  deviation  and  tif  moat  accu- 
mtc  dufmttiou. 

The  Rainbow  is  jirr'cliiL'i^d  I>y  reliexiim  and  refraction  vf  Hunligbt 
in.  the  drops  of  uuti^r  -ahkh  make  up  railing  raia.  Parallel  sunlight 
falls  from  behind  the  spectator;  iu  ciach  drup  the  li^ht  is  disperai vely  re- 
fracted, and  then  reflected  from  the  further  face  of  the  drop;  it  travel* 
l>ack  tlirDU);h  the  drop  and  emerges  in  a  state  of  ehroniaUu  dijipcntiuu.  Dropi 
wliidi  for  the  momtait  ai-c  situated  at  a  certain  augulai-  Uc-i^ht  ocnd  violet 
light  into  the  eye  of  the  oLwrver,  but  the  red  Lij;^'  ffom  ih^au  tniEscs  his  eye, 
for  it  Htrikv^  too  low.  iJrope  at  a  greater  angular  height  Bend  red  light  into 
thf;  rihn«rver'»  oyo,  but  violet  light  proceeding  from  them  is,  aji  it  were,  aimed 
trH.)  hi};b,  and  dorN  not  cnti-r  his  eye.  Un>pA  in  iiiternieilialc  ^lOMitionfl  arnd 
intermcdiaUi  coloured -light  into  In*  eye.  Drops  alMive  or  twiuw  »  certain 
range  of  angular  heipht  i\o  not  wuil  liglit  into  Ins  eye  at  all.  The  whole 
phenomenon  ia  ayuiinetrical  round  an  axis  containing  the  sun  and  passing 
through  the  ■jbferver's  eye,  and  the  bow  is,  according  to  the  height  of  the 
sun  in  thu  hvavons,  a  greater  or  lesser  portion  of  a  circle  whose  parts  are 
f(|uidiiitant  from  that  axi».  The  rainbow  as  t>een  hy  tiie  one  eye  is  not  formed 
by  the  auaa  waU'r-dropa  at)  the  nunbuw  nvvu  by  the  other  eye. 

Repented  reflexions  and  refractions  in  raindrops  fretiuently  give  riae  ttt 
aecondary  rainbowK,  which,  under  experimeDtal  conditiona,  have  been 
ohmrved  to  the  numltcr  of  cight«*en. 

The  halo  rsecn  around  the  mm  when  ft  sliinei  throngh  n  frozc-n  cloud  ia 
due  to  rtfraction  of  sunlight  through  the  crystala.  Conceive  a  circle  of 
prisma  rnunil  the  sun  arranged  in  such  a  position  as  to  send  a  maiimum  of 
sunlight  into  the  fye  ;  a  circular  ^iiecU-mu  would  be  seen,  red  externally; 
among  the  particles  of  ice  in  the  doud  some  must  be  in  tlie  favourable  posi- 
tion of  these  ]prianw. 


Ptr-m- 


Becomposition  of  Wlut«  Uffbt. — If  n  bimdie  of  coloured 
rays,  emergent  from  a  prism,  be 
received  on  a  secoud  prism,  similar 
to  the  lire.t  but  reversed  iu  posilicn, 
theae  mouocliromatic  rays  are  agaiu 
reccmbined,  and  a^ain  form,  on 
emergence,  a  beam  of  the  original 
mixed  coloured- light,  parallel  to  its 
original  direcltou ;  on  the  whole-  there  is  neither  dispersion  nor 
augular  deviation. 

Deviation  without  Dispersion. — ir  white  light  fall  upon 
a  flint-glasa  prism  of  such  an  angle  as  tu  make  on  a  screen,  at  a 
distance  of,  say,  1 0  feet^  a  spectnim  whose  length  between  two 
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definite  colours  or  Fraunhofer  lineB  is,  say,  3  inches ;  and  if 
another  prism  of  crown  glass  which  is  able  to  produce  a  spectmm 
of  an  cxactly-cqual  length  between  the  same  definite  colours  or 
lines  be  so  placed  as  to  reverse  the  dispersive  action  of  the  iorma 
prism,  according  to  the  principles  of  tlie  last  paragraph,  the  light 
leaving  the  prism  is  approximately  white.  It  is  not,  however, 
parallel  to  its  original  course ;  for  when  we  {>ass  from  prisma 
of  oue  substance  to  prisms  of  anuther,  we  liud  a  phenomeuon 
known  as  thu  Irrationality  of  Dispersion;  we  lind  that  the 
amount  of  meau  deviaUuu  and  the  amount  of  dispersion  pro- 
duced by  a  givea  prism  are  indepeudeut  of  oue  auothcp ;  and 
hence,  to  reverse  dispersion  is  not  necessarily  to  reverse  devi- 
ation, if  this  be  effected  by  a  priam  of  a  second,  a  difiereut  sub- 
stance. 

A  flint-glftiis  prigm  niul  a  crown-glnsn  prism  thus  combined  may  prodaoe 
dcriatiiiEi  witlimit  prtKluciiig  any  difliHsnion,  nii<l  thu  cmei^cnt  light  it 
approxintnUtly  whiU' ;  and  thus,  fur  two  kiudB  of  light  a  fltnt-t>lua  prism 
msy  he  sohromatlsed  by  a  sircoml  prism  of  crown  f^loss.  Tho  rccom- 
poaition  of  the  coloar  is  not  perfect,  except  for  the  two  cotonrs  (or  litMi) 
chiMPJi  ;  it  would  Iiavtt  bpcii  perfect  were  the  np(^i:lriim  nf  crown  glA»  prfc* 
ciiiely  alniilajT  to  Hint  nf  Hint.  ^IdL-w  in  tvi|H:ct  U>  thv  pi-ujHtrticumte  li-ii^liM  of 
the  roIiHi ruil  arr-ju  iii  it  ;  but  it  ii  nut  k"  ;  id  the  cruwn-^lnM  fpectniiu  the 
omnge  aad  yellow  are  proportionately  more  refracted,  and  are  spread  over  a 
propordoiutuly  greater  area  tJmu  tlity  aro  in  tliti  Hint-glosa  Hiwutrum,  nod 
the  blue  and  violcl.  Icui  so  ;  tlie  funiier  am  for  accunUo  recoinpusiilioii  too 
Diuch,  the  llltt<^r  too  little  rvfmctcd  by  the  HchrornatiHing  crown-^^'lan ;  the 
iaeuing  beam,  whJtfl  aC  the  ccntn?,  U  yellowish  on  one  side,  liluiah  on  the 
other.  Three  priatna  may  be  combined  so  aa  to  blend  three  colonic  in  the 
emerfpMJt  ray ;  and  &o  forth. 

licflexioQ  at  the  surface  of  a  mirror  may  be  said  to  furnish  an 
example  of  deviation  without  dispersion.  Sometimes  a  rcflooting 
prism  (Fig.  158)  ia  preferred  to  a  mirror,  especially  in  lantern 
projection-apparatus.  Light  cnter.i  normally  at  one  face  of  the 
prism,  is  t^itally  reflerted  at  the  second,  and  puMes  normally 
through  the  third.  The  image  produced  by  such  a  prism  ia 
inverted,  and  if  the  incident  beam  be  parallel  there  ia  no  refrac- 
tion, and  therefore  no  chromatic  dispei-sion,  while  the  loss  of 
light  is  vpr^'  small. 

Dispersion  without  Deviation. — If  crown-glass  prisms  and 
flint-glass  prisms  be  alternated  they  can  be  made  to  produce  dis- 
persion while  the  issuing  rays  are  parallel  to  the  original  direction 
of  the  entering  light. 

This  priucipiti  is  applied  in  the  Direct-vision  spectro- 
scope, wliich  simply  consists  of  a  train  of  such  prisms,  to  which 
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tlie  light  is  admitted  by  a  sUt  at  A  (Kig.  168),  and  from  which 
the  light  isauing  at  B  is  caused  to  pass  through  a  lens  ao  adjuated 
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as  to  give  the  eye  a  clear  image  of  the  slit  for  each  colour;  and 
the  eye  accordingly  receives  tliu  iuipressiou  of  a  continuous  spec- 
trum situated  at  the  focus  of  Uiu  lens. 

Abnormal  Dispersion. — Thu  amount  of  dloviatlou  of  each  kind  of 
coloured  light  (;au  lie  dii'wflly  mvOflured  whon  a  spectrnm  ie  funnel  ;  no  aui 
Lhe  utijjlo  of  tho  piiNu  imd  the  &B^h  of  incEilenco  ;  thus  for  each  tnuLapnreut 
suWtauc«,  nnd  for  oikU  wa-ve-frcquency  of  incident  ether-wavee,  the  iodez  of 
ri;Inicli(ja  may  be  cAlciiInltMl  (imi  KcoT^ttl. 

The  apecira  prcxJncL'd  by  fiiiunar  jiristns  of  different  eubftancea  differ  not 
only  in  thinr  nt)«oIutc  lengthn,  but  also  in  the  proprjttionato  length  of  each 
coIoHi-,  an't  even  in  their  an'angenients.  A  hoUow  glass  priam  filled  with 
iodJTn!  Vftpour  refract*  red  light  moat,  and  violet  leaat  ;  it  gives  a  epectmin 
the  order  of  ancoession  in  which  i«  ultra-violet,  violet,  blue,  red,  the  re- 
verse of  thfi  ordinary ;  tho  iiitvnittfiliitte  part*  of  the  spectniro  are  loat  by 
absorption.  A  weak  alcuhalic-ioliilion  of  fuchsiu  in  a  hullnw  ji^Liulh  prinm 
refract*  tbt^  htue  and  violet  less  than  it  refmcta  the  yellow  unil  red  ;  the 
i^«octnuD  thm  present*  the  following  order : — Frannhofer  lines,  F  to  H — i,». 
green,  blue,  viulut — then  A  to  D,  ml,  oiiuige  and  yellow,  not  (j^uite  up  to 
the  E  lino  :  tbu  (jmca  from  K,  nearly  aa  fur  as  F  (E  iu elusive),  being  atwent 
on  account  of  absorption.  Aniline  violet,  aniline  bino,  indigo  carmine,  givu 
a  gr«eu-blue-orango  Bpectnim.  A  concentrate'l  Bolution  of  eyaiun  in  a 
liolluvr  glass  priam  give*  a  Bpectrnni  conaisling  of — first,  grecn-hlue,  then  a 
dark  band,  then  red,  and  traces  of  urange. 

In  gcnc-ml  all  budica  which,  like  luauy  of  the  aniline  dyes  or  crj-rtald  nf 
pcrmangimAtc  of  potuMh,  act  ujtoQ  some  kiuds  of  li^ht  as  inttAllic  reflectors, 
and  present,  when  in  the  solid  state,  aiiperlirial  colonm  diffltriiig  from  tho 
'body-colour*,  are  found  to  give,  when  tbeir  aolution  occupies  a  lioUow 
^au  prisQi,  an  aiialogouD  re£nti:tiou.epcvtrum^ — not  to  be  confounded  vrith 
the  ordinary  abEorption-spuctruui — in  which  tlm  order  of  the  coloure  is  not 
that  of  ihu  Hpfctrum  as  ppodneed  by  a  priun  of  solid  glau.  On  the  redword 
aido  of  an  absurption-hand  the  index  of  refraction  is  found  to  iucreaeo 
so  lapidly  aa  to  throw  the  pjirt  of  the  ppfjctntni  near  tlia  redwai-d  side  of  the 
absorption-band  over  towards  tbu  violet  ;  and  cnnversely,  Ihu  jxirt  of  tbi? 
spectrum  ntuatcd  ne^r  the  violet-ward  &icle  of  an  abt^oriition-band  is  tlirown 
back  towards  the  red.  The  effect  may  be  simply  to  render  tho  absoqition- 
band  narrower  than  it  would  have  Iwen  bad  there  been  no  effect  of  this  kind, 
or  to  cause  overlappittt;  of  difftrfnt  pwrtt  of  the  spectra  ;  or,  as  in  the  case  of 
filchmn  and  ryiLtiin,  nctually  to  thniw  gvi-u  the  re.ilwanl  and  the  violet-ward 
jiaitii  of  thr  spvctrum  into  each  other's  places,  and  ti>  make  red  light  mora 
refraiigihlu  than  violet.  Thesa  pbcDoraeno,  cxperinn!nla.lly  Ky*tfmatiaed  by 
Kiiiidt,  have  been  diecusfied  by  UelmhoUz  on  the  KupjMiMtion  that  tho 
ubwrbwd  light  being  in  tune  M'itli  the  nioleciJes  of  tbu  body,  lhc»sc  riiolcculen 
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nni  Hct  iu  luotiou  which  is  modificcl  by  intntniolccuLor  fncttoa  m>  as  to  react 
im  the  trauaiuilu^t  lisilit.     The  quertion  i«  »till  olsuure. 

The  h«at  n^gton  of  tbu  Kpccttiuii  in  vury  uiuuh  ehurtuucil  or  compro— J 
hy  the  tiBe  or  gltiae  pri&ine. 

Lenses. — Lonaes  itre  of  two  main  kinds : — 
n.  Thin-edged,  thick  in  the  centre;  either  convex  on  both 
allies,  [)la]Ki -convex,  or  convexo-concjivc,  with  a  shallow  concavity; 
a  x>ftralleI-ra)Td  beam  of  ligltt  falliug  upon  one  of  these  lenses  is 
made  to  converge  after  transmission  upon  a  Real  Foons  at  the 
apposite  side  of  the  lens. 

b.  Thick-edged,  thinnest  in  the  centre;  bi-concave,  plano- 
concave, or  conc)ivu-Mave."c,  with  a  deep  concavity:   a  plane- 
y^_ijj_  fronted  beam  of  light  after 

transmission  diverges  so  as 
to  seem  to  cuiue  from  a  Vir- 
tual Focus  uu  the  same  side 
of  the  lens  as  the  source  of 
light  itself. 

Fig.  169  shows  these  dif- 
ferent forms  and  their  action 
on  a  parallel  lieam  of  liglit 
travelling  from  left  to  rights 
Every  lens  has  a  prin- 
cipal focns ;  this  is  the  point  to  which  a  parallel  beam  of  rays  i.i 
caused  to  converge,  or  from  which  it  is  apparently  caused  to  con- 
verge, as  the  case  may  be. 

Tlie  di-stflTice  of  this  principal  focua  from  the  lens  is  called  /, 
the  Focal  Length  of  the  lens. 

Iff  nnil  t'  hv  tlie  clit-lftnces  uf  the  centrea  of  curvature  of  the  rigbt  und 
left  facta  of  tim  K'DB  rusjwctivcly,  both  ilistuiices  b<;iiig  iuciuiin»I  bum  the 
centre  ol'  the  letia  injeitively — ihaL  ia,  towards  the  right  on  ii  hurieontal  line; 
and  if  a  piim1U-I  hcuxn  came  from  the  left  tu  u  fairul  point  on  the  nghl,- — 

where  n  is  the  imlex  of  refractidti  of  the  len«  in  air. 

This  foninilu  iipplies  without  nltemtion  to  cuucnro •  convex  letiMS,  tbe 
conrexity  of  which  is  turned  towanls  the  left,  iind  both  of  whose  centreg  of 
curvature  are  Ihvrefore  Bitualed  in  a  positive  direction.     In  a  bi-convex  IvuB 

T  is  negative,  and    7  =  (*'~')f~'r~i));   in*  hi-conc«ve  one  r'  j* 
negatire,  and  ::  =  (n-  i)  (-  +  yj:  ine.  convexo-plane  leni  (oonvexity  u> 
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left)  f  =  eo,  and  —  =  (n-  1)  f  _—  |;  in  a.  concaTO-plmie  lens  (con- 
cavitj-  ti»  Uie  right)  /  =  oo  ,  uiid  -=£»-!)-. 

To  find  tte  focal  length  of  a  thin-edged  lens,  find  by  experi- 
ment the  distance  at  which  it  will  make  a  clear  image  of  the  sun 
upon  a  screen :  light  comiag  from  the  aun  is  practically  plane- 
fironted,  aud  is  caused  to  converge  upon  the  priucipal  focus. 

Leusua,  like  mirrors,  have  Conjugate  Foci  at  distances  p 
and  p^;  ruya  coming  fitjm  an  object  placed  at  one  focus  are 
caused  to  produce  uu  image,  real  or  virtual,  at  the  other  focus. 

Convergent  or  ttiin-edged  leuses  have  their  priucipal  focal 
distance  and  their  conjugate  foci  (or  distances  of  object  and 
image)  related  according  to  the  fonnula — 

1  _  £ 1^ 

P        Pi~        f 

A  beam  comes  from  im  mfLmte  dislaiice  ;  j)  =  «  ;  then  p,  =  f;  light 
conrerges  up<Jii  tliu  pnnuiiuil  fuL-us,  as  we  Itiivu  skku.  Converwly,  if  a  beam 
cwino  from  a  eoupco  of  lit;ljt  nt  llii;  [irlutipiil  fucus,  p  =  f;  . " .  p,  =  -  ">  ;  the 
iuui^  ia  niU,  but  at  au  iiiiuiite  distance  bubiiid  the  luits. 

If  the  Boitiru  of  light  be  at  a  iliRtance  has  than  iiiBnity,  but  i^rcutor  tbau 
twice  the  focal  lenplh,  the  imajje  i*  real,  and  is  oa  the  otTier  siile  of  the  lens, 
at  a  point  between  the  pfincipal  focua  and  b  p6iut  twice  the  tocttl  Ivn^th 
from  the  lena.  Couvcncly,  if  the  object  be  at  a  distance  greAt«r  than/,  but 
Lesi  tliiiii  3/,  tlie  icnage  is  real,  at  a  dialaiice  greater  tliau  Sf, 

If  tbii  oliject  be  at  a  cUirtanc«  2/,  Lhe  jiiiit|je  is  iiIko  iit  a  distance  if,  on 
the  oLlter  lude  of  thu  Ivns.     Tlie  object  and  the  iumge  utw  Ihim  equal  in  «tze. 

Honce  another  metliod  of  finding  the  focal  lonsth  of  a  thin-fldKBcl  letu. 
Adjust  ivn  object,  a  lens,  and  a  ecreen,  bo  that  the  imoj^  on  the  ecrvim  is 
equaE  in  size  to  the  object :  the  screen  and  the  object  am  now  both  situated 
at  distances  et^ual  to  2/  from  tlic  centre  of  the  lens ;  half  the  distance  of 
either  of  them  from  the  centre  of  the  lens  is  the  focal  length. 

If  the  object  be  between  the  lens  and  its  principal  focu«,  the  mfE  arc 
not  miule  Hufflcicntly  convergent  to  croas  at  any  place  ;  Ihcy  seem  to  come 
from  a  virtual  image  behind  the  principal  focal-point,  further  from  tlie  lenB 
than  the  object,  and  therefore  behind  it 

Aa  to  the  inversion  or  erectneaa  of  the  image  produced  by  a 
thin-edged  lens:  an  object  at  O  (fig.  170)  produces  a  smaller 
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inverted  image  at  I,  and  an  eye  placed  beyond  I — that  is,  at  a 
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•tifflcEent  dintnnce  frnui  tlie  lens — will  perceive  tlie  image  of  a 
diitAiit  object,  invert^il,  smaller  than  the  object,  and  apparently 
aituktod  between  him  and  the  lens;  the  contrary  bein^'  the 
general  impression. 

If,  however,  the  object  be 

yig.in.  brought  so  near  the  lens  as  to 

lie  at  a  distance  from  llie  lens 

X.     « — -" -'-A,  less    than    tlie   focal    lutiizlh. 


X. 


\ 


tli^u  tu  uu  eye  situated  at  any 
distance  on  the  other  siJe  of 
the  lens  a  virtual  imago  will 
be  apparent,  orect,  magnified, 
and  more  distant  than  the  ob- 
ject. Hence  these  lensea  ore 
commonly  used  as  magnifying  glosses  (Fig.  171). 

Divergent  or  thick-edged  lenses. — The  formula  for  these  is 

1  _  1    _   1 

P         P.~  f 

Wlien  J.  =  00  ,  p^  =  -  /;  el  virtual  image  at  the  principal  focUi. 

When  p  =  /,  y,  =  -  «  ;  a  renl  iuiage  at  ou  inllnitu  di8Uuie«. 

When  p  is  or  any  value  >  0,  <  w  ,  p,  is  IcH  tlum/. 

Tlio  focua  of  II  ttiick'Vitgul  Iciia  in  nioBt  cnnvetiiently  found  by  coupling 
it  with  n  ill i ri -edged  oui;,  foiiinl  Ly  trial  ntnong  n  snfBciently  extenRive  series, 
io  that  together  lltt-'y  alioll  jiroducc  uo  chdnge  in  the  apparent  sixc  of  an 
object  seen  through  them. 

As  to  inversion  and  size  of  inuigo,  Fig.  172  shows  that  the 
Pip.m.  image  is  erect,  diniiiirshed,  virtual,  and 

nearer  the  lens  than  the  objuct  itself; 
and,  since  there  is  no  subsequent  cross- 
ing of  the  rays  beyond  the  lens,  there 
is  no  inversion  of  the  image.  Lenses 
of  this  kind  may  bt;  used  as  diminish- 
ing glas!tes. 

For  Botnc  purpoees  flexible  Itaew  luuy  be  i]bc«i1  in  wliic}i  the  curvature 
inny  1)e  oliglitly  varied.  Ciuco'a  opthiilmusuopic  lenA  con^isbt  nf  two  pieces 
of  thin  microscopic  cover-glauB  fixed  in  a  frame  :  water  fills  the  ca-vity  between 
them  ;  by  forcing  more  or  Ices  iratur  into  the  cni'ity  the  curvature  may  K- 
varied. 

Even  when  monocliromatic  light  ia  transmitted  tUruugh  lenses, 
the  focussing  can  never  be  exact  if  theii-  surfaces  be  spherical ; 
each  point  of  an  extended  object  foims  a  slightly- blurred  image  ; 
this  eflect  can  be  reduced  somewhat  by  the  ujse  of  diaphragms, 
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which  cut  off  the  external  parts  of  hroad  beams  of  Ugbt,  anti  thus 
diiniQish  the  si^herica]  aberration  of  the  lens  (as  in  the  pupil 
of  the  e3"e),  hut  it  cau  only  be  brought  to  a  minimum  by  modify- 
iug  the  curvature  of  the  lenses  used.  Some  lenses  are  so  curved 
as  to  bring  all  the  points  of  an  extended  imago  into  the  same  pUne, 
and  thus  to  produce  a  flat  field;  others  to  bring  points  differing 
in  distance  to  foci  wliich  differ  very  little  from  one  another,  ami 
thus  to  secure  penetration.  The  calculation  of  the  various  curved- 
aurfaces  nece-^sary  for  these  ends  often  involves  considerable 
mathematical  skill. 

When  mixed  coloured-light  is  passed  through  a  thin-edged 
lens,  violet  Ught  is  most  refracted,  and  comes  to  a  focus  sooner 
tJian  the  red  rays  do;  beyond  the  red  focus  is  the  heat-focus; 
between  the  violet  focus  and  the  leus  ia  the  region  of  the  photo- 
graphic focus. 

Makers  ur  phutogrtiphic  leoac?  ha\'c  shown  mui!K  ekill  ia  making  the 
photognpluc  oad  tiiu  visual  fcmtta  cuincidi! ;  for  aptjTial  photographic  work, 
eucli  ail,  KuLburfuriVs  lunar  ]}huto;^mphy,  IcnseH  have  bad  to  be  couetnicted 
wlioge  cur\'atiipe  ia  calculated  willi  refereiict;  to  tho  focus  of  the  hij^hly-w- 
frongibk  aclinic  mys  nlone  ;  anil,  while  nothing  can  be  distinctly  kcu  thnMif-h 
such  leneesj  photo^phs  of  elt^ao^IiIuu^-  ckomeas  have  been  token  by  thi-ir 
aid. 

If  a  beam  of  white  light  be  passed  through  a  single  cou- 
vei^ent-lena,  a  screen  placed  at  the  violet  focus  will  give  an 
image  with  n  red  border — the  red  rsiys  nut  having  yet  converged ; 
if  it  be  placed  a  little  further  off,  at  the  red  focus,  the  image  is 
now  surrounded  by  a  \'inlet  border,  for  the  violet  raya  are  already 
divergent.  Consequently  no  clear  definition  can  be  obtained  by 
the  use  of  anch  simple  lenses,  and  it  ia  necessary  to  render  them 
Achromatic.  A  biconvex  lens  of  flint  glass,  more  convergent 
than  13  necessary,  is  coupled  with  a  biconcave  lens  of  crown  glass 
of  proper  curvature ;  the  latter  destroys  the  dispersion,  by  bringing 
two  colours  to  the  same  focus,  without  wholly  doing  away  with 
the  deviation ;  the  couplet  acts  on  the  whole  as  a  single  lens, 
producing  a  somewhat  smaller  refraction  than  either  of  the  lenses. 
This  arrangement  may  be  seen  in  the  object-glass  of  any  common 
telescope.  For  still  further  accuracy,  three,  four,  or  even  a  greater 
number  of  lenses  may  he  combined,  by  which  tliree,  four,  or  more 
colours  are  brought  to  the  same  focua ;  as  in  tlie  achromatic 
objectives  of  microscopes.  Tlie  most  complex  system  of  lenses 
may  be  reduced,  so  far  as  its  action  upon  light  is  concemod,  to  a 
single  lens,  which  gives  images  of  the  same  &\z6  and  position  as 
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the  systeui  in  questiou.     Thus  an  achromatic  microscope-objective 
may  be  treated  in  diagrams  as  a  eitigle  lens, 

Tlie  Ey«  may  be  idL-olly  reduced  fvr  itmay  purposes  to  a  single  lena  oom- 
po«cd  of  lUjueuuB  or  vitreous  hiuuoiii-,  linvlug  iU  kiL-k  coiucitlent  wUli  the 
Ktiiiu,  uud  tU  anterior  iwpuct  u  spliiTiud  fiurfacc  of  S'1S48  mm.  mdios, 
situated  nt  it«  most  anterim*  point  i^'S-J^fi  mm.  behind  thtt  actual  anlerinr 
Biirfdce  of  the  cornea.  Ruch  a  lens  would  refract  incident  light,  ami  bring 
imfLgcs  of  difiUnt  points  to  n  focus  upon  the  retina  in  the  ivaae  way  u  the 
actual  eye  Hoic*, 

Radiant  Heat  may  be  shown  to  be  reflected  and  refracted  like 
Light  by  concentrating  rays  of  dark  heat  upon  a  thermopile  by 
means  of  a  lena  or  a  mirror,  or  by  i-efracting  them  by  means  of  a 
prism  into  a  new  path,  in  the  course  of  which  the  thermopile 
mutjt  somewhere  be  placed  before  it  will  indicate  the  impact  of 
Heat-waves. 

i 

Interference. 

Ether-waves  are  capable  of  Interference.  Two  systems  of 
equal  wavea  arriving  at  the  same  point  in  opposite  phases  will 
produce  at  that  point  no  eOect  cither  of  light  or  of  licot  or  of 
phntograpliic  action :  at  that  point  the  ether  will  be  at  rest ;  and 
thus  light  added  to  light  may  produce  darkness.  In  Fig.  75  the 
two  points  A  and  B  are  centres  of  wave- motion,  and  at  the  points 
^.  <^'t  f .  ou  tlie  scieen  MK,  there  is  no  disturbance,  while  at  iutcr- 
veniug  points,  n',  «/,  c',  the  amplitude  of  diaturbauce  is  doubled. 

Interference  of  waves  thus  affectfi  the  distribution  of  encrgj- 
in  a  system  of  utidulutiou,  and  such  a  screen  produces  a  system 
of  negative  reflected  waves  from  «',  c',  e',  etc. 

Let  us  now  consider  a  monochromatic  beam  of  planc-polariaed 
light.  Such  a  beam  may  bo  di\nded  in  two  parts  by  reflexion 
from  a  silvered  or  platinum  mirror  bent  in  the  middle  at  an 
angle  very  nearly  eijual  to  180°,  or  else  by  refraction  through 
a  biprism,  whose  angle  is  very  nearly  180".  The  last  case 
is  shown  in  Fig.  173.     S  is  a  source  of  light;  the  light  from  it 


ia  transmitted  through  a  polariaer  N :  it  is  now  a  polarised  beam. 
The  rays  are  received  by  a  convergent  lens,  which  makes  them 
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converge  upon  S\  In  its  courao  it  is  passed  tlirougb  a.  piece  of 
(^lasa  R,  coloured  red  with  suboxido  of  eoj3j)er:  it  is  uow  to  a 
rough  approximation  monochroniatic.  It  is  then  paased  Lhrougli 
tho  biprism  P,  which  refraoU  it  in  such  a  way  that  it  seems 
to  come  from  two  equal  rtud  equally-distaut  foci  at  S'"  and  S'"'. 
The  light  may  then  be  received,  either  on  a  screen,  or  directly  in 
the  observer's  eye  placed  in  the  onward  path  of  the  beam.  A 
series  of  dark  and  bright  fringes  will  be  seen  corresponding  to  the 
alternate  fringes  of  rast  and  diatnrbancc  of  figure  75.  The  two 
bcama  apparently  travelling  from  S'"  and  S""  are  polarised  in  the 
same  plane,  and  any  irregularity  of  amplitude  characterising  the 
one  is  participated  in  by  the  other.  Hence  they  ai-e  in  a  position 
to  interfere  fully  and  regularly  with  one  another.  If,  on  the  other 
band,  tlicy  bad  been  polarised  in  planes  at  right  angles  to  one 
another,  they  could  not  have  extinguished  one  another  at  any 
point.  When  common  light  is  used,  it  may  be  at  oiicq  filtered 
through  a  piece  of  red  glass  and  then  ]^>afised  through  a  convergent 
lens. 

To  procura  monochromfltic  light  it  is  better  to  project  a 
spectrum  upon  a  screen  in  which  thei'e  is  a  slit,  and  then,  behind 
the  screen,  to  make  use  of  that  part  of  the  spectrum  whose  light 
falls  upon  and  traverses  the  slit. 

It  ia  very  easy  to  procure  a  brii^ht  spot  which  may  reproKiit  a  simple 

iLiminou*  point  by  making  a  ninall  bole  iu  a  metal  screen^  and  in  this  iuwrb- 
iu){  It  <]rop  of  glyc«riii>;.  This  acU  as  a  ]M)werrully-cniiver>;c:ul  Ivrut,  and  If 
«unli({hL  be  coDCQiitratvd  upon  it  there  will  n|i[>var  on  thv  ilnrlc  uuiv  o£  the 

Fig.  171. 


flOnttk  An  inteOBely  l>ri^ht  Uttlie  spot  of  li^ht  which  may  h^  ii«eil  n»  a  source 
of  light  for  mauy  cxpcriiuents  ;  with  such  a  smirce  of  li^ht  Fresael  din- 
covered  the  laws  of  diffraction.  More  elaborately,  the  same  result  may  be 
better  attained  by  lucanB  of  iUb  clycti-ii;  Unht  mada  to  converge  by  aa  «chn>- 
matic  leas  of  exceedingly  aLort  fucua,  a  high-power  microscopic  ohjcative. 


When  monochromatic  cfjmmon  light,  proceeding  from  a  lumin- 
ous point,  is  passed  through  a  biprism,  its  Wbrations  in  each  of  two 
planes,  at  right  angles  to  one  another,  produce  the  effects  of  inter- 
ference independently  of  one  another,  but  produce  their  respective 
fringes  and  bands  iu  coincident  positions  on  the  screen.     When 
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mixed  coloured-Ught  or  white  light  is  treated  in  thia  way,  tlie  red 
fringes  do  not  coincide  with  the  ^nolet  fringes ;  the  violet  friugo&J 
ore  more  numerous  than  the  red  £riage»,  and  are  closer  together. 
This  will  be  understood  from  Fig.  75;  if  the  wave-Idngth  be  in- 
creased, the  points  a',  h\  (/,  d',  </,  must  become  furthKr  distant  from 
ono  another.  A  %'iolet  fringe  is  seen  near  the  axial  line  of  tlie 
beam  ;  it  is  overlapped  by  a  blue,  the  blue  by  a  green,  and  so  on  : 
each  coloiiTcd  fiinge  produced  by  the  interference  of  wliito  ligjitj 
presenU  a  complete  spectrum.  The  uuinber  of  snch  spectra  is 
limited ;  at  a  little  distance  from  the  axial  line  of  tJie  beam  the 
fringes  overlap  one  another  so  as  to  produce  what  appears  to  the 
eye  to  be  simply  white  light,  but  the  spectmm  of  which  shows  a 
series  of  alternately  dark  and  light  bands :  all  the  colours  being 
equally  encroached  upon  by  dark  bands,  the  result  seems  white. 

A  lient  miiTor  uncd  iimteail  uf  a  LIpriem  producea,  by  Kflcxion  of  white 
light  upon  »  Ncreen,  altemal«  fringcB  of  while  light  and  (Urkoet«. 

Moaaoroment  of  wave-lensth. — If  S"'S""  he  the  ajiparcnt  pacldon 
of  tht"  two  imfigf-a  or  apparent  Boiirccfl  of  lif^ht,  which  muHt  bctncrtiocluvtruttic: 
K  the  poeitioQ  ai  the  central  friof^c,  iUntninatcd  by  the  Joint  action  of  S'"  and 
S"";  the  angle  is""SW"  ~  Si;  N'  the  poattion  of,  eay,  the  fonrth  bright 
Cringe  ;  S"'N'  iti  ithorter  than  S""N'  by  fuiir  wave-lengths  ;  tliia  diR'i--renoe 
is  very  nftarly  wiiial  U>  \   NN'  x  8"'S""  -f  AX  }  =  NN'  x  2  Un  ^ 
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The  aagle  2t  can  be  meaaured  with  a  thoodolitc  ;  the  distance  XN' 
be  uieaMiired  wiUi  a  i:uicroi(if!U--r  ;  the  vjihie  uf  the  four  wave-le&gths,  andl 
tberefucv  uf  (hk-  wjive-Ienyth,  nui  h«  d»*tL«niiined  from  these  data. 

Fig.  75  Bhnw*  that  the  lino  cf  propagation  of  tliese  fnugcs  in  space  is 
hyperbolic  ;  the  fod  of  these  h^-perholai  hein;^  the  two  apparent  eourcca. 

If  the  light  from  one  of  the  sources  be  retarded  by  being 
made  to  pass  through  a  layer  of  a  substance  in  which  light 
travels  more  slowly  than  in  air,  the  whole  of  the  fringes  will  be 
shifted  somewhat  towards  the  side  on  which  the  retardation  takes 
place.  From  the  amount  of  tliis  sldfting  may  be  calculated  the 
amomit  of  retardation ;  and  by  means  of  this  the  relative 
velocities  of  light  in  (and  tlierefore  the  refractive  indices  of)  such 
thioga  as  liot  air,  cold  air,  Iiydrogen  gas,  normal  glass,  compressed 
glaaa,  cnmpre-wed  liquids,  and  so  forth,  may  be  estimated. 

Colours  of  thin  films.' — Tliin  films  of  transparent  substances, 
snch  as  oil  upon  the  surface  of  water,  iron  oxide  upon  the  sur- 
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face  of  tempered  steel,  oxides  deposited  upon  metals  by  the 
gftlvanic  battery,  soap  bubbla-i,  glass  blown  out  to  an  extreme 
temitty  or  exfoliating  under  the  influence  of  slow  decomposition, 
present  curious  ooloiira  when  shone  upon  by  a  comparatively 
bright  light 

Siieb  film?  may  bi'  ivndcred  permanent ,  a  twlntion  of  bitumen  aud  k 
little  caoQtcbouc  iu  n  mixture  of  betucne  aad  oil  of  tiBphtba,  dropped  into 
w^ter,  fonus  Qlma  whicli  aoUdify  and  may  be  caiiaed  to  adhere  to  a  sheet  of 
papur. 


is  incident   upon   a 
6  fl//rf 


AL 
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Iu  Fig.  176  light  from  the  source 
lliiu  tronspartint-filin  AB  of  uniform 
thickness.  A  pitrt  of  the  light  is  at 
once  reflected  to  K  from  the  liret 
Burface  of  the  fihn.  Another  part  is 
refracted  to  R'  after  having  undergone 
one  reflexion  at  the  second  surface.  It' 
the  path  of  the  beam  in  the  film  be  au 
even*  nunilwr  of  half  wave-lengths,  the 
beam  travelling  to  R'  m  opposed  in 
phase  to  that  travelling  to  E,  and  nn  eye  placed  at  RR'  (these 
points  being  supposed  very  dose  together)  will  receive  no  iniprea- 
siou  of  light ;  or,  rather,  it  will  receive  but  a  feeble  impression, 
for  the  ray  to  R'  cannot  be  quite  equal  iu  intensity  to  that 
travelling  to  R.  Again,  on  eye  phiced  iit  XT'  will  perceive  but 
a  feeble  impression  of  light;  not  absolute  darkness,  for  the  ray 
to  T  is  considerably  more  intense  than  that  to  T'.  and  is  not 
completely  neutralised  by  it 

Let  the  film   he  of  variable    thickness;    a  fihn  of  air 
between  a  glass  plate  and  a  biprism,  or  between  Figi?:. 

a  convex  lens  and  a  plate  of  glass,  varies  in  ^--— -  --^.^ir-rrr.,,^ 
thickness  with  the  distance  from  the  centre;  in  ---;;.  -  ---^ 
the  former  case  the  thickness  of  the  film  of  air 
varies  as  the  distance,  in  the  latter,  approximately  as  the  square 
of  the  distance  from  the  central  point.  Monochromatic  light  re- 
ilected  from  such  a  system  presents  the  appearance  of  alt«niately 
dark  and  bright  bonds  or  circles — bright  where  the  directly-re- 
flected light  and  the  light  reflected  &om  the  second  surface  of 

•  ThU  aeenifl  stfange ;  wa  might  havo  oipccted  a  rctnnliition  of  an  odd  oiuahet 
of  half  ware-latif^ha  ta  ptodutx  &  difTcrcnco  iu  phuit  of  hnlf  a  period  ;  but  it  will 
bo  risincinbcrcd  cliat  tlio  bom  Mflectwl  nt  one  of  the  surfaccB  of  th«  film — that  »ur- 
Cwe,  uamely,  n-hin-h  scpa.ra.teB  an  optu'&lly  denser  from  «  rarer  in«dmui— auffar»» 
Igu  of  iialf  «  wsvp-tcDgtli,  which  is  iiidap«Qdent  ot  the  thit^kncu  of  the  film. 


4D0 


OF  ETIIER-WAVES, 


[OBAr. 


"sevi 


the  film  are  sinular  in  phase— dark  where  thej*  are  opposed.  lu 
the  case  of  n  lens  pressed  against  a  plate  they  are  known  aai 
Newton's  rings.  The  less  the  curvature  ni  the  lens  the  greater 
the  distauce  between  two  consecutive  rings.  If  mixed  coloured 
white  light  be  empluyuJ,  the  daik  and  bright  rings  of  the 
era!  components  cannot  coincide,  and  tJie  result  is  a  series  of 
circular  spectra,  iu  each  of  which  the  violet  cii'cle  is  the  narrow- 
est These  spectra  overlap  one  another  at  a  little  distance  tiom  the 
centre,  and  blend  into  what  appears  to  the  eye  to  be  white  light, 

A  Berici  of  dark  ringa  or  fringv^A  may  he  obtained  by  rubbing  a  film  of 
wMp  ou  black  gloM,  Jryinp;  it,  finA  brnatbiinii^'  gently  upnn  one  pnitit  of  this 
Lhrougb  a.  gloss  tube  ;  tltis,  don«  in  the  um«hinc,  gives  rise  to  bnght  cotoon. 

It  is  not  possible  actually  to  obtain  monochromatic  light; 
evea  that  emitted  by  incandescent  sodium- vapour,  in  which  some 
five  hiindi-ed  rings  can  be  seen,  is  not  quite  monochromatic. 

The  centre  of  Newton's  rings  is  dark  if  tliew  be  approximate  contact ; 

:ect  contact  then>  Dcver  cun  be,  fur  a  diifltlv^s  surfacv  it  ie  iiupowiblo  to 
;  erea  wheii  iiivK  is  uu  np^'ivciiiblc  Lbickuciu)  uf  film  tmvciBcd,  tlie 
thflt  ouc  ray  is  riJlccted  from  Uic  upjjcr,  and  the  olht-r  from  the  lower 
Burfitt;c,  tlio  uuo  lU  tbu  buunding  surface  of  an  upLically-den^er,  the  other  at 
the  Eurfucti  nf  an  (iptically-rarer  medium^  cAUeefl  tht?  one  tn  lone,  vliilc  tli« 
otb«r  d(»8  not  low,  half  a  wfiv«.k-n^h  on  reflexion  ;  itcy  thus  become 
oppoacd  in  phase,  iLod  the  centre  is  durk.  If,  however,  both  reQexions  be 
made  to  take  phicc  from  the  surface  of  an  oplically-dwDiter  m^ditiin,  su  in 
Yimnj^'s  cxiienment, — in  which  light  travelling  tliixniyli  n  h'lii'  i>f  cniwu  gVaat 
wa»  n-tlv-t-tt-il  fir*t  from  the  upper  auiface  of  a  film  of  oil  wf  miseafnis,  Ijtng 
bvtwuvn  thut  li'iiN  aiid  a  pUtif  nf  Hint  gtiiss,  soitsafra^  Wio^  intermediate  iu 
its  rufractivo  pwwi-r  bttwecn  crown  ami  (lint  alasB,' — there  ia  no  such  relative 
retanlatioD,  and  the  centre  of  the  system  of  rings  is  bright. 

The  iridescence  of  mother  of  pearl  and  of  objects  with  a 
If-grooved  or  striated  surface,  such  as  butterfly's  scales,  is  nn 
of  interference.     Sunlight  falls  upon  their  surfacft  ;  sonic  of 
lis   is  reflected  from  the  ridges,  some  from  the  grooves,  and  in 
lis  way  a  ilifference  of  path  is  set  up  among  the  reflected  rays, 
?hich  causes  dlllerenccs  of  phase  among  thorn,  and,  in  the  case 
some  of  them,  opposition  of  phase  and  extinction.     "ttTien  the 
icidence  of  the  reflected   light  is  very  oblique,  the  ridges  alone 
lay  reflect,  the  diirerericcs  of  phase  and  of  path  produced  will  be 
rcry  small ;  there  will  be  little  ii-idescence  and  ve:y  considerable 
"flexion. 

The  propagation  of  light  "  in  straight  lines  "  within  the  same 
isotropic  medium  is  itself  a  residt  of  interference.  From  it  ia 
derived  the  power  of  making  a  geometrical  Shadow.    In  Fig.  178 
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a  real  focns  at  F  acts  as  a  source  of  light  It  casts  a  sliaiply- 
tlefijied  alifttlow  of  an  object  0  upon  a  screen.  If  the  source  of 
ligbt  be  an  extended  one,  not  a  mere  point,  the  sliadow  cuuiiists 
of  two  regions,  a  central  umbra  and  a  loatgiual  peaumbra. 


Fic.im. 


Ftr.i9. 


Fiff.WO. 


r 


In  rig.  179  the  sun,  S,  shines  upon  the  earth,  E ;  the  earth  being 
smaller  than  the  snii,  tliere  is  formed  a  couc  of  darkness  behind 
the  earth ;  it  the  moon  travel  wholly  or  partially  into  this  cone 
of  shadow,  it  will  be  wholly  or  partly  unilluiuiupd,  and  we  have 
B  total  or  a  partial  eclipse  of  the  moon. 

But  outside  this  shadow  there  is  a  penumbral  ri-jtion,  in  which 
a  body,  or  any  point  of  a  body,  will  he  in  "half-shadow"  not 
fiilly  illuminated,  becaoae  able  only  to  see  a  portion  of  the 
illuiuinating  body. 

When  IJglit  radiating  from  au  extended  object  passes  throujjh 
B  small  aperture,  the  waves 
arriving  at  the  aperture  from 
the  object  traverse  the  aper- 
ture.aud  there  cross  eochothcr; 
they  then  diverge,  and  a  screen 
placed  on  tbo  opposite  side 
of  t.he  aperture  receives  an  in^ 
verted  image  of  the  object, 
whose  size  varies  with  the 
distance  of  the  screen,  as  in 
the  wcU-knowa  Camera  Obscnra. 

An  apertam  af  tio  appreciable  brcadlii  wouM,  at  whatever  diiitance  the 
■ereea  might  W  plftcod,  gWa  a  fevtaul  luiugu  iu  lite  uatuml  colours,  all 
image  of  wliicli  nn  prirt  would  he  out  of  focus  ;  one  oE  j'j-iueli  diiuuutcr  will 
give  on  a  screen  at  40  inehcB  diijWn'CC  wt  image  which,  though  wautiiig  in 
briglit&cM,  is  as  perfectly  defined  an  ima«(.-  lU  nuy  poMiljle  lena  platiuil  at  Ihc 
aperture  can  produce  :  one  of  ^^inch  will  prcxliice  the  pame  liL-finiUon  at 
.t  diatancfi  of  250  incht^H  ;  or,  in  general  (Kayleigli),  if  K  be  llift  wave-length, 
tliu  BisiuiJin.inet*!r  of  thir  iijHirlun*,  /  tUi;  leaat  clistAUci:  of  gooil  defini- 
tion, /  =  (Sr*  +  A).    Wlien  Out  Mrcrii  ia  nearer  than  this,  each  piant  of  the 
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object  makcfl  tui  image  on  the  Bcreen,  nrhteh  has  the  tame  fifaape  us  the 
ApertuEC,  and  the  supi^rpoftition  of  theae  make-i  a  blurred  image. 

I.i;,'ht  thus  travels  in  straight  Vmes,  and  is  incapable  of 
passing  round  coraera  under  ordinary  circumstances,  and  qb 
exiimined  by  our  ordinary  senaes. 

A  cloaui  eiamiiiatiou  of  tlie  subject  shows,  however,  that  li^t 
does  to  a  cerLain  dagree  pass  even  round  corners.  The  pheno 
uiena  of  Difi^action  in  wliich  this  is  observed  are  exjilicable  on 
the  oi-diiiary  principles  of  intarference.  Let  S  (i?"ig.  77)  be  the 
sourcie  of  li^'ht ;  waves  diverge  from  this  as  a  centre.  These 
waves  impinge  upon  a  screen  AB.  Fig.  77  shows  that  beyond 
the  screen  All  there  is.  a  scries  of  fringes  within  the  geometrical 
shadow ;  that  even  in  the  part  directly  in  view  of  the  source  of 
light  there  are  bands  of  relative  darkness ;  that  tlie  central  point 
of  the  shadow  may  be  nearly  as  brightly  illnminftted  as  if  there 
had  been  no  screen  AB ;  that  the  broader  the  object  All,  the 
narrower  will  be  the  fringes ;  that  the  forma  in  space  of  the 
regions  of  approximate  darkness  are  hyperboloids ;  while  if  the 
soui'ce  of  light  be  removed  to  an  inHuite  distance^  the  hyperbolic 
lines  of  relative  rest  in  the  illiumnated  region  are  practically 
reduced  to  straight  lines,  but  sweep  past  ttie  obstacle  without 
touching  it. 

When  tliG  obstacle  is  circular — a  minute  circle  of  tinfoil 
])iisted  on  a  ])iece  of  clear  glass — the  shatlow  cast  upon  a  screen, 
or  received  in  the  eye  directly  or  by  the  aid  of  a  teua  or  telescope 
focnsaed  on  the  obstacle,  is  seen  to  be  surrounded  by  a  series  of 
dark  and  bright  rings ;  or,  if  the  light  from  S  be  mixed,  coloured, 
or  white  light,  by  a  series  of  spectra ;  while  the  sluuiow  is  also 
modified  by  a  series  of  such  Ijauds  or  spectra,  and  its  centre  is 
bright.  A  similar  construction  for  a  little  circular  aperture  in  aa 
opaque  screen  at  AB  will  show  that  the  bright  spot  produced  on 
a  screen  beyond  AB  will  have  fringes  blurring  the  sharpness  of 
its  edges,  and  that  at  certain  distances  of  the  second  screen  from 
AB  the  ceutro  of  tlie  bright  spot  will  Ije  dark. 

Wlien  the  obstacle  or  chink  is  Uiiaar  iind  parallel -sided,  the 
fringes  or  spectra  are  parallel  to  one  another ;  when  it  is  not  so 
they  assume  a  curved  form  ;  when  it  is  angular  the  fringes  may 
Hssumc  a  great  variety  of  remarkable  and  l>eautiful  forms. 

The  phenomenon  of  diffraction  can  be  roughly  observed  by 
lookbg  at  a  distant  gas-flame,  edge  on,  witli  the  half-closed  eyes  ; 
the  sun  shining  on  the  eye-lashes  will  also  produce  a  similar 
effect ;  the  morning  sun,  shining  on  twigs  of  trees  situated  between 
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tbc  sun  and  the  flje,  oatuics  the  shadows  of  some  of  tlicm  to 
become  bright  in  the  centre,  and  a  curious  silvery  appearance 
results. 

The  image  of  any  point  seen  throuf^h  a  telescope  or  microscope 
has  its  clearness  of  definition  interfered  with  by  the  diflraction  of 
rays  of  liylit  luuud  the  edges  of  the  diaphragnij  or  ruuud  the 
edges  of  the  leus.  This  efl'ect  is  generally  insignificant  ia  terres- 
trial telescopes ;  it  is  very  uoliceublo  in  astrouomicul  telescopies, 
where  the  source  of  light,  a  di»lant  star,  ou^ht  lu  appear  reduced 
to  a  point,  but  is  often  apparently  enlarged  into  u  perceptible 
disc,  or  surrounded  by  rings ;  and  in  the  micruseope  it  sets  a 
limit  to  the  powers  attainable,  for  high  powers  involve  small 
lenses  and  small  apertures,  and  these  bring  diffraction  in  their 
tmiii. 

If  a  very  large  numlier  of  lines,  some  parallel,  and  others 
parallel  to  each  other  and  at  right  angles  to  the  former,  be  mled 
upon  glass,  liglit  issuing  from  a  slit  or  from  the  iuKij^'e  of  a  slit 
will,  if  transmitted  throngh  this  so-called  DlA'actlon-grating, 
and  received  upon  a  screen  or  in  the  eye.  be  found  to  be  resolved 
into  a  central  bright  image  of  the  slit,  on  each  side  of  which  is 
a  dark  space,  and  then  a  series  of  s\icce*.?ive  spectra,  separated  by 
dark  spaces ;  these  spectra  Iiave  their  violet  ends  turned  tu'W'ai'ds 
the  central  bright  inuige.  Uy  multiplying  the  number  of  lines 
in  the  Diffraction-grating,  as  in  Prof.  Ituwland's  new  gratings, 
which  have  43,000  lines  to  the  inch,  the  spccli-a  may  be  rendered 
almost  pei'fectly  pure,  ao  that  Fi-aunhofer's  linos  may  be  easily 
seeu  in  theiu. 

A  micfoscopical  preparation  of  muscular  tiMiie  wiU  often  lie  found  to  i»cl 
as  a  more  or  3esa  efficit^iit  clifliiiclion-gralmg  ;  the  atriatioiis  of  the  iiLUScillOT 
tlljivH  lake  the  plitc«  i>r  th«  gruove*  enfji-avKil  on  the  j^lass.  A  niclallic  stiHibce 
ill  wliicb  gruovvi;  liuvi;  bi-eu  cul  wLli  product;  by  ii-flvxii>n  a  diitractioQ-spectram 
if  tliv  iiuugu  uf  a  hUi  Lu  rullcctcd  irom  it. 

The  \*nluo  of  diffraction -spectra  ia  that  the  deviation  in  the 
successive  spectra  depends  directly  upon  the  wave-length. 

If  any  kind  of  light  have,  in  air,  the  waTe-knf{th  K  centinietreB,  and  if 
n  be  the  average  miaiber  of  lines  per  centimetre  wJi^rraved  on  th*  grating ; 
nod  if  S  bu  thv  uii^jiLLur  dvviatiuu  uf  any  particular  olouivd  U^ht  (or,  bett«r, 
of  smy  piu-li<.-ulur  FmuubofL-r  liui'),— tliLii  tin  S  in  (.-quul  (u  n\  for  Ihc  flrtt 
H]>u^-LVu]ii,  to  SnA  for  the  necond  &i>etU'uiti,  oud  m  futtk ;  and  (^'lucu  rt  oiid  b 
mil  bt:  ntcOKumd,  K  can  be  accunitely  found. 

The  Twinkling  of  Stars  is  another  effect  of  interference: 
light,  coming  to  the  eye  from  a  star  so  distant  as  to  be  practically 
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a  single  luminous  poiut,  arrives  iu  rays  which  have  travereed 
Blightly  unequal  dislauces  in  an  irregularly-refracting  atmusphere, 
antl  thus  enter  the  eye  in  irrejjularly-un equal  phases.  Now  one 
colour  is  extinguished,  now  another ;  t!ie  eye  perceives  coloured 
light  complementary  to  tliat  momentarily  lost,  No  two  persons 
can,  aa  a  rule,  see  any  star  twinkling  in  precisely  the  same 
manner.  Tho  planets  twinkle  only  at  their  edges :  their  discs 
present  many  points  or  sources  of  light,  whose  scintillatioiu,  oa 
the  whole,  uiaak  one  another. 

If  A  plftnet  and  a  twinkling  stor — any  Jupiter  nnii  Sinus — ha  (ie«nJly 
lookf'l  ot  lhrouj;:h  an  opera-glaM  which  is  mpi4ly  whirled  ncTt>m  the  field  of 
view,  the  iniftge  of  the  planet  will  nppeftr  to  h«  drawn  out  into  a  continiious 
•treak,  whUo  that  of  the  star  n-ill  be  t>rukcti  up  into  ii  uhain  of  unequally- 
hrij^ht  and  di ffercntly-coloiired  npots  of  li^^lit. 

The  coloiu^  of  li^ht  from  a  bri^bt  point  twinkling  tJirough  a  duftty  haze, 
ur  ehininx  through  a  piece  of  glost  covurvd  with  lyewijodiiiui  ;  ihu  hulo  which 
surruuudo  Ui«  moon  lut  it  nliiues  thruu^h  an  alinuHphu'u  chui^ud  with  piuticleB 
of  cuodvuHud  aqueous  vupuur  ;  tbc  culuurvd  T'mii»  tixn  whun  paiticlce  float  tn 
the  vilrvima  humour  vl  tin-  eye, — tliesi;  are  all  difl'ercnt  diffractivc  (iffec^ta  of 
interfercitcc  ;  aud  the  (greater  the  siui  uf  tlia  purticlen  which  produce  them, 
the  Ki'eAtcr  th«  hreadth  of  the  coloured  nvig^. 

The  iut«rterence  of  Actinic  I^ys  may  be  shown  by  photograpliy ; 
of  Dark  Heat,  by  passing  a  delicate  Thermopile  or  Tasinieter  (p. 
565)  or  a  Bolometer  {Langlcy's  Thermic  Balance,  p.  634)  through 
an  inviaible  diffraction'friuge  system  of  dark  heat-waves,  obtained 
by  treating  rays  of  dark  heat  with  a  beat  mirror  or  a  biprism, 
luider  which  circumataijces  the  instnunent  employed  will  alter- 
imtely  indicate  and  cease  to  indicate  the  impact  of  heat-waves. 


Double  Hefiuction. 

If  a  transparent  medium  have  the  same  properties  in  all 
directions  it  is  horaogeueous,  or,  optically,  isotropic.  A  wave  of 
mechanical  disturbance  starting  from  a  single  point  of  disturb- 
ance iu  it  will  be  spherical.  The  properties  of  the  ether-waves 
within  transparent  substances  are,  in  some  fasltion,  correlated  with 
the  molecular  structure  of  the  substance,  and  thus  the  ether-waves 
propagated  from  centres  within  homogeneous  or  isotropic  sub- 
stances are  themselves  also  spherical. 

Snhstancc3  in  which  the  propagation  of  light  is  in  fpherical  wave*  arc 
L-ithpp  ftinorphf^ua,  or  else  belong  lo  the  cubical  aystem  of  crystuli^  the  system 
in  which  the  thne  ctystallographic  axc«  of  the  crystal  arc  equal. 
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in  some  cTV&taUine  substances  one  of  tlie  ciTStaUflgrapliic 
axes  differs  from  the  other  two ;  the  cr^'atal  ia  then  sjrnimetrical 
in  reference  to  tliis  axis  only,  and  is  said  to  be  nniaxiaL  A 
mechanical  disturbance  is  propEigated  iu  such  a  crystal  in  the 
form  of  an  ellipanicl. 

A  aliee  cut  out  tif  such  a  crj-stal  in  such  a  way  that  ita  sides 
are  iiaraJlel  to  this  principal  axis,  is  said  to  have  been  cut  parallel 
to  the  Frindpal  Section  of  the  crystal. 

The  propHgatioii  of  an  ether-wave  in  a  uniaxial  crystal  is 
peculiar.        Fig.     181 
shows    an   equal-sided 
rhombohcdron  cut  out     >''''T~'"s. 
of  a  crystal  of  Iceland  ^  y. 

sparby  aplittiugitaloug  I  c        \ 

its  uatunJ  cleavage- 
planes  ;  ita  axis  AD 
joins  the  opposite  ob- 
tuse -  angles.  I.£t  a 
point  C  on  this  axis  bo  a  centre 
Then    two    concentric   sots   of   waves 
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of  optical  disturbance, 
are  produced ;  the  one 
spherical,  the  other  ellipsoidal ;  one  of  the  axoa  of  tho  ellipsoid 
coincides  with  the  axis  of  the  crystal,  and  is  equal  for  a  given 
interval  of  time  to  the  diameter  of  the  sphere  developed  in  au 
equal  time ;  the  other  two  axes,  which,  to  avoid  circumlocution, 
we  shall  here  call  the  extraordinary  ax^,  are  equal  to  one 
another,  and  are  either  longer  or  shorter  than  the  former,  accord- 
ing to  the  nature  of  the  crj'stal.  The  next  question  is — Which 
pitrt  of  a  general  disturbance  at  C  is  propagated  in  the  spherical, 
and  which  in  the  ellipsoidal,  wave  ? 

It  may  roughly  be  stated  that  just  as  we  have  seen  beams  of 
polarised  light  differently  afTceted  by  simple  reBexion  and  refrac- 
tion according  to  the  plane  of  theii-  pularLsation,  so  in  double 
refraction  the  buhaviour  of  a  beam  of  light  depends  upon  its  state 
of  polarisation. 

On  referring  to  Fig.  59  we  find  that  the  construction  there 
given  for  the  course  of  a  refracted  plane- fronted  wave  may  be 
reduced  to  the  following  construction  (due  to  Huyghens)  for  a 
single  ray  refractod  at  the  surface  of  an  ordinary  isotropic  medium. 
AB  is  an  incident  ray  travelling  through  the  medium  M ;  CD  a 
circular  arc,  drawn  from  centre  B,  with  radius  proportionate  to 
the  velocity  of  light  in  the  medium  M.  Continue  the  arc  CD 
into  the  second  medium  M';  produce  AB  imtil  it  cuts  that  arc 
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in  E ;  from  K  draw  a  tangent  line  (or  plane)  cutting  the  refractinj 

surface  in  T.  From  B 
centre  draw  a  Bemicircult 
arc  in  tlie  second  medium  M', 
with  a  radius  proportionate 
to  the  velcM;ity  of  light  in  M'. 
From  T  draw  a  tangent  to 
this  arc;  the  tangent  tonchen 
the  arc  at  B';  join  BB'. 
BB'  is  the  couwe  of  the  re- 
fracted ray  {Fig.  182). 


v\ 


-^ 


V 


A  series  of  aomewhat  similar  constructions  will  enable  us  to 
study  a  certain  nimiber  of  cases  of  double  refraction. 

Suppose  a  block  to  be  cut  out  of  a  doubly-refi-acting  cryatal 
in  such  a  way  tliat  one  of  it3  cut  surfaces  is  parallel  to  tho  axis ; 
and  suppose  an  iiiciduat  beam  to  fall  upon  that  surface  in  a 
diiectlun  at  right  angles  to  the  axis.     Fig.  183  shnw.s  thtit  if  GM 
Fiff.ies.  represent  sucli  a   block,  aud  if 

.  aku{  the   incident   beam  be   in   the 

plane  of  the  paper,  the  axis  is 
in  such  a  case  looked  at  end- 
on  ;  and  then  we  find  that  tlie 
incident  i-ny  is  divided  into  two 
parts,  which  travel  at  difterent 
rates,  the  slower  one,  BO,  in 
the  central  sphere,  the  more 
rapid  one  BE,  in  the  outer  ellip- 
soid, which,  looked  at  in  this  aspect,  has  a  circular  aectioa ;  the 
foriin;r,  BO,  the  Ordinary  Ray  (which  obeys  the  ordiuiirv  law. 
shj  i  =  n  «in  r),  more  retracted  than  the  latter,  BK,  tiie  Extra- 
ordinary Ray.  Both  these  rays  are  in  this  case  in  the  plane  of 
the  paper,  like  the  original  incident-ray.  Tlio  relative  radii  of 
the  two  circles  may  be  found  from  the  respective  amounts  of 
refraction  of  the  two  rays  at  this  kind  of  incidence. 

For  the  ligbt  eiuittud  by  mclmm- vapour,  tliu  unlinnxy  index  and  the 
extiaordiiuiry  index  nf  Iceland  ii{iur  arc;  reHpectUcly  I'RSSKO  otul  l'4863&  ; 
the  reeiprocalfl  of  llteKe  nunibcrs  reprewiit  t)ie  r«lucive  velocities  of  111* 
onliuary  and  the  extraordinary  rays  in  Iceland  upar  as  corapmed  with 
thai  i)f  litflit  ia  air,  this  being  reckunvd  as  unity.  In  sucli  uryrtalt  aa 
thoso  of  iL-ckiid  K\mx  Uio  oidinury  ray  is  more  mlordvd  Uion  Ihu  cxtra- 
oniinnrv. 


Let  us  now  turn  the  block  of  spar  round  .so  that  its  axis  is 
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brought  into  the  plane  of  the  paper — that  is,  ioto  the  same  plane 
with  the  incident  light ;  the 
incident  light  now  travels  in 
a  principal  section  of  the  crystal. 
One  of  the  extraordinary  axea 
of  the  allipsgid,  being  at  rijxht 
angltis  to  tlie  axis  of  tiie  crystal,  -J 
itt  ut  right  angles  to  the  refract- 
ing surface ;  its  semi-axis,  BF 
in  the  sectional  figure  (Fig.  1 84), 
bears  to  the  radius  of  the  circle 


'^ 


the  ratio  of  1-C5850  to  1-48635  if  the  light  used  be  thateuuLteU 
by  sodium-vajmur. 


A 


If  the  block  of  spar  "'''"■ 

be  cut  by  a  plane  at  right 
angles  to  the  principal 
sections,  hut  not  pftrnllel 
to  the  axis,  we  obtain 
the  result  shown  in  Fig. 
185.  The  incident  light 
is  in  the  plane  of  the 
paper;  the  axis  of  the 
crj'stal  is  also  in  the  plane 
of  the  paper. 

When  the  surface  which  receives  the  incident  beam  baa  been 
cut  at  right  angles  to  the  axis,  and  the  light  falls  upon  it 
normally  (that  is,  at  right  angles  to  the  surface  or  parallel  to  the 
axis),  there  is  no  double  refraction ;  the  ordinar}'  and  the  extra^ 
ordinary  mys  coincide. 

A  parallel-sided  slice  of  Icelnnd  spar  cut  in  any  other 
direction  than  at  right  angles  to  the 
axis  will  divide  an  incident  ray  into 
an  ordinary  and  an  extraordinary  ray, 
as  in  Fig.  186  (except  in  the  case  in 
which  one  of  the  rays  is  so  refracted 
as  to  become  parallel  with  the  axin,  iu  which  case  the  other  ray 
coincides  witli  it);  and  thus  an  observer  at  A  will  see  two  images 
of  a  spot  at  B  :  while  if  he  turn  the  slice  round,  the  extraordinary 
image  will  rotate  round  tho  ordinary  one.  This  can  l>o  readily 
observed  with  an  ordinary  cry.stal  of  Iceland  spar. 

Light  striking  on  a  plate  or  a  common  crystal  of  Iceland 
spar  is  tliiis  split  into  two  rays,  and  a  Bingle  point  or  a  page  of 
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print  looked  at  through  such  a  crystal  gives  a  double  image. 

Convoreely,  a  pair  «f  points,  C,  T>,  if  looked  at  by  an  observer  at 
,^  A.  will  have  their  images  blended,  and  by  fiiid- 
iug  for  various  diatauces  between  C  and  D  tho* 
angle  ABK,  at  wliich  these  points  appear  to 
blend,  thu  two  refractive  indices  may  be  found : 
the  rays  CB,  DB,  and  BA  being  caused  to  lie 

all  in  a  principal  section  of  the  crystal 


rttm- 
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Wbea  tW  Lnci<k-nl  mj  ix  oltLi<|u»  &>  tlic  principal  wcLion,  tlio  vxtni- 
ordinary  ray  is  nn  lout,aT  in  tho  sannr  pkac  with  the  tnciilent  and  the 
ordinary  n^fracted  ray,  but  is  deflecte'l  to  one  or  tlio  other  side  :  the  toagent 
plane  to  the  ellipsoid  does  not  touch  it  in  the  planB  of  iuctdeBce, 

The  abovii  ligures  are  drawn  fur  crystals  such  as  Iceland  spar, 
beryl,  emerald,  iiiiua,  rulty,  sapphire,  tourmaline,  the  ordinaiy 
index  of  refraction  of  which  is  greater  than  the  extraordinary, 
and  iti  wliich  the  oi-dinary  ray  travels  more  slowly  than  the 
extraordinary,  and  lies  between  tbe  extraordinary  ray  and  the 
axis;  such  crystals  are  called  Negative  Crystals.  In  others, 
such  as  ice,  quartz,  boracite,  the  cxtraoritinary  ray  lies  between 
the  nrtlinarj'  my  and  the  axis:  such  crystals  arc  called  PositiTe 
Crystals.  In  the  latter,  the  extraordinary  axes  of  the  ellipsoid 
ai-e  shorter  than  the  diameter  of  the  sphere,  which  thus  eucloaes 
the  ellipsoid  :  the  extraordinary  index  of  refraction  is  in  them 
greater  than  the  ordinary  index. 

The  two  rays,  the  ordinary  and  the  extraonlinary,  are  found 
to  bo  polaritjcd  in  planes  almost  exactly  at  ri^'liL  angles  to  one 
another.  The  ordinary  ray  is  polarised  in  a  plane  contain- 
ing both  the  incident  ray  and  the  crystaLUne  a.\is. 

If  the  incidence  be  that  of  Fig.  184,  the  incident  ray,  the 
reflected  ray,  and  Ijotli  refracted  rays  are  in  the  same  plane,  tlie 
plane  of  the  paper,  and  the  axis  is  parallel  to  that  piano;  the 
ordinary  ray  is  said  to  be  polarised  in  that  plane ;  light  polarised 
in  such  a  plane  of  incidence  poaaes  throngh  the  spar  as  an 
ordinary  ray.  The  definition  of  the  plane  of  polarisation  is  a 
terminological  convention;  and  the  question  as  to  the  relation  of 
the  direction  of  the  vibraticins  of  the  ordinaiy  ray,  thus  f?aid  to  be 
polarised  in  that  plane,  to  the  plane  itaelf,  we  have  already  seen 
to  be  a  question  still  tinder  discussion.  The  extraordinary  ray, 
■when  tbe  whole  three  rays  thus  travel  in  a  priucijial  sectiou  of  tho 
crystal,  is  found  to  be  polarised  in  &  plane  exactly  at  right 
angles  with  the  plane  of  polarisatiou  of  the  ordinary  ray. 
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The  second  face  of  tho  block  of  crystal  may  be  so  cut  that  it 
'iepeivus  tlm  ordinary  and  ttio  extraonliiiar}'  rays  at  such  an  angle 
&a  to  trauKinit  the  one,  but  totully  tu  rellect  the  other.  In 
'  Nicol's  priBm  a  long  rhomb  of  Iceland  spar  is  cut  in  this  way, 
and  the  porlious  are  so  cemented  by  Canada  ImUam  that  when 
oommon  light  entere  the  Nicol  it  is  di\'ided  iuto  two  rays,  of 
which  one,  the  Ordinary,  is  totally  reflDctcd  when  it  mcct^  the 
ceraontcd  siirface,  while  the  Extraordinary  ray  is  transmitted 
and  emerges  (the  faces  of  the  prism  having  been,  in  onler  to 
permit  this,  cut  down  to  the  proper  angle),  in  a  direction 
paralh^l  to  that  of  the  incident  ray.  The  whole  arrangement  is 
thus  capable  of  acting  as  apolariser;  aud  if  polarised  light  be 
sent  through  it  in  one  rotational  position,  the  Nicol  will  transmit 
it  freely;  while  if  the  Nicol  be  rotated  through  90"  in  eitlior 
dii'ection,  on  either  side  of  the  most  favourable  position,  it  will 
transmit  none  of  it.  It  can  thus  serve  as  a  means  not  only  of 
pixxluciug  ]>olarised  Hglii,  but  also  of  detecting  polarised  light,  and 
of  finding  in  what  plane  it  is  polarised;  and  when  it  does  this 
duty  it  is  called  an  analyser. 

lu  tournmltue  there  is  double  refraction ;  but  one  of  the  rays, 
the  ordinary,  is  absorbed,  aud  the  extraordinary  alone  passes 
through.  Thus  a  thin  plate  of  tourmaline  acts  as  a  polariser  of 
common  light  incident  upon  it,  and  another  plate  rotating  in  front 
of  it  may  act  &s  an  analyser, — a  convenient  arrangement,  were  it 
not  that  tourmaline  is  always  dark  in  colour,  aud  absorbs  much,  of 
the  light  incideat  upoa  it*  For  this  reason  Nicol's  prisma  are 
commonly  used  as  sources  of  polarised  light. 

Crystals  of  sulphate  of  iodo-quLmiie  act  like  tourmaline,  but 
are  iiseless  because  they  are  small  and  brittle. 

Wi-  may  ht-ro  recall  the  (Uffcrent  modes  of  obtaining  a  beam  of  pUne- 
polnriecd  light. 

1.  RcHcsioti  of  ordinary  liglit  from  gliuu   nt   Llie  imgle  nf  eoupicte 

}K)kLri.'wtiiJii. 

2.  TraD*ini>uiioti  lliniii};li  (l  iiil«  of  |;laM  pUU-i*  witli  jwrallvl  guivn  ;  tlie 

ukKle  of  incideno.'  Wing  the  an^e  of  complelo  poljuisatioii,  or  an 
an|.;te  approximatinR  to  it 

3.  Separation  of  the  ordinary  from  the  extraordinarjr  ny  produced  by 

double  refravtioQ  ;  thii  being  done 

(a)  by  louriiialine,  wliich  vxtingtuslies  the  ordinary  ny  ; 

(b)  by  a  Nicol  or  u  Fuuuiult  priuii,  which  lunu  uido  tbv  onUuary  ray. 

Some  crystals,  such  as  topaz  and  arragonitc,  have  two  axes, 
and  are  called  Biaxial  Crystals :  in  these  the  wave-surface  is  very 
complex,  and  they  liavc  tlircc  indices  of  refraction. 
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In  geiwral,  in  these  cryKtals  no  ray  obey*  the  orclinary  ]aw  of  rvfrnctioTi 
that  Bin  •  =  n  ain  r;  but  that  ray  which  does  ho  most  nearly  in  general,  muA 
which  does  bq  perfectly  when  the  incidence  is  in  one  of  the  prinriptti  sectiona, 
is  called  the  ordinary  ray  ;  while  tlie  other  of  the  two  raya,  into  which  a  ray 
of  iucidvnt  light  In  dividvd  vu.  ui^u-iLxial  Incidence,  is  called  the  extraordinary 
ruy.  lu  such  cryHtuht  the  pueiliuri»  of  thu  optic  oxli-,  which  Imvu  no  neces- 
BOry  n-'lalion  to  the  cryvlalloj^phtc  axua,  iirc  variable  ;  tSiey  \i\ry  with  the 
temperature  of  the  crj*stal,  and  vnth.  tho  kind  of  lif;hl  cniployiMl ;  and  in 
■nme  ciuies  a  rrystAl  is  found  t^  be  binasial  for  nnp,  uniaxial  for  another  kind 
of  light ;  QlAxibcrit«  (nntia-e  flii1phnt«  of  aoda  and  lime],  for  example,  being 
hiniuual  to  red,  uniaiial  to  violet  light. 

TVTien  light  has  passed  through  a  CTystal  of  Iceland  apaT  and 
been  divided  into  an  ordinary  and  an  extraordioary  ray,  if  it  be 
caused  to  fall  upon  a  seconrl  crystal  whose  faces  are  parallel  to 
thoBo  of  tlio  first,  the  two  rays  pass  through,  suffering  no  further 
division  ;  the  ordiiiary  ray  emerging  from  the  first  crystal  is  still 
the  onliiiary  ray  in  the  second  crystal,  wliicli  acta  lite  a  mere  pro- 
longation of  the  tirst.  If  the  second  crystal  lie  turned  90*  round 
a  longitudinal  axis  parallel  to  the  line  AB  in  Fig.  188,  there  ia 


Btill  no  division  of  the  rays ;  but  the  ordinary  ray  on 
from  tho  first  crystal  is  an  extraordinary  my  relative  to  tfa«  seoond 
crystal,  and  is  refracted  as  such  in  that  crystal ;  and  the  converse 
applies  to  the  extraordinary  ray  emerging  from  the  first  crystaL 
If  the  second  crystal  occupy  any  rotalionaj  position  intermediate 
between  these,  each  ray  incident  on  it  is  decomposed  into  an 
ordinary  and  an  extraordinary  ray.  There  are  thus,  in  the 
ordinary  case,  four  images  of  a  bright  point  seen  through  a  pair 
of  crystals  arranged  end  to  end.  at  a  distance  from  one  another, 
and  lh*ise  images  blend  into  two  when  the  crystals  are,  by  rota- 
tion, placed  parallel  or  at  right  anglus  tv  one  another. 

Interposed  Lamiua.^ — When  a  polariser  and  an  analyser  of 
any  kind  are  arranged  at  right  angles,  so  that  a  plane-fronted 
beam  incident  on  the  system  is  wholly  cut  off  or  detlected  by  it, 
an  eye  placed  beyond  the  analyser  can  perceive  no  light ;  but  if 
a  thin  film  of  mica,  or  other  double-refracting  substance, 
uniaxial  or  biaxial,  of  uniform  thicknesa,  be  caused  to  intervene 
between  the  polariser  and  the  analyser,  t-he  field  may  become  filled 
with  liglit,  coloured  or  white,  according  to  the  position  of  the 
interposed  film. 
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In  Fig.  189  the  liU'S  AB  represnntJi  a  plane  vertical  to  the  paper,  and 
catting  the  paper  in  AB  :  we  coll  this  the  verttcol  plane,  or  the  plane  AB. 
Then  let  lu  hy  anj  convenient  means  produce  a  beam  of  piano -polikriHd 
monochromfttic  light,  polurifiitd 
in  tho  plane  AB,  and  let  tib 
BUppoae  this  l>eaiu  t«  be  seen 
end-on,  travelling  away  frtmi 
the  obaervcr"!*  eye.  IiitvrpiH^e  » 
thin  pUUt  «(  iKjme  hin-trinKenb 
MuWUuice  in  the  path  n(  the 
Warn :  let  the  axis  of  this  lie  in 
the  plane  CD.  The  beam  AB 
is  broken  up  by  the  interposed 
plate  into  two :  one  in  which 
ihv  plane  uf  puULriuiLtioii  in 
jtfirallcl  to  CD,  o!ie  in  which  it 
Ih  at  right  uHglea  to  that  plant 
The  fomier  is  tmnaniilted 
thrrjiigb  the  iiiter[>n«e<l  pUli?  oh 
iin  oniiniiry  my,  tW  latter  as  an 
ctlniortlinsr)-.  The  linim,  On,  0/,  Oe,  indicate  re.ipectire]y  the  relative  ompli- 
Ludea  of  th«  incident  polarise^l-bcain,  of  the  extraordinary  and  of  the  onltiiary 
transmitted  beams.  The  int^rpoReil  plate  may  be  ho  thin  that  althoii({h  the  in- 
cident beam  is  divided  into  two  trannniLted  beams,  thwe  have  not  perceptibly 
separated  from  one  another,  and  on  emergence  ore  not  only  parallel,  but  org 
iihto  practically  coincident.  In  a  wide-fronted  wave'syatem  this  coincidence 
may  be  held  to  be  ahaoluto  except  at  tht;  udgcs  of  the  beam.  Though  the  two 
beams  coincide  in  direction,  their  nndulationa  do  not  coincide  in  phase ;  in 
positive  crydtftln  the  extraordinary,  in  negative  cryatala  the  ordinary,  ray  is  more 
retarded  than  it^  companion.  Tjct  ili  jtiippoiie  lOiat  the  mnre  relarded  ray  has 
lort  one  wavc-lcnj^h  :  then  the  result  of  rtiipcrposition  of  the  two  emergent 
rays  will  be  a  plane-polaxised.  beam  similar  to  that  which  had  orij^ioolly 

fallen  upon  the  iuterpoaed  plate  ;  if  half  a  wave-length  (  =  -]   be  lost,  tlia 

ruiult  will  again  be  an  eq,aal  plane-pQlarlsed  bMm,  poluriited  in  the  plana 
EE'(Fif;.  189). 

If,  ayaiti,  CD  coincide  with  AB — ^that  ia,  if  the  principal  plane  of  the  intcr- 
pnscil  cryntalliiie  plate  bp  parallel  to  the  plane  of  poLiriaatinii  .jf  Uie  innideat 
light— tiicre  i»  ni>  extrann Unary  brain,  0/;  ami  tlie  lij(ht,  hAvinjj  ln-i-n  tmnfr. 
imtt«d  throuKh  the  interpowd  film  rw  an  onliniiry  my,  PniiTgi?n  plane-polar- 
ised, as  it  put(>red.  If,  a;{nin,  CD  1w  »t  ri^ht  ant>U-4  to  AB,  the  incident 
beam  is  wholly  transmitted  as  an  extraordinary  ray,  and  emetgea  polarised  ia 
the  orij^inal  plane. 

Let  UH  iiuw  ii»ppo9c  that  CD  i>  inclined  to  AB  at  on  angl«  of  45* :  if  ono 

of  the  raya  bw  retarded  by  6umo  even  multiple  of  j,  the  result  is  phuic-polar- 

ised  liKht,  either  [lolariited  in  the  original  plane  (when  the  retardation  may 
be  meaenred  in  whole  wavc-leti^^thK),  oi'  iu  onu  at  ri};Iit  an^tlex  \m  it  (when  tha 
retardation  is  some  odd  number  of  half  wave-lungths),  fur  EE'  is  nt  right 
angles  to  AB  when.  CD  mak>eB  -10*  with  it.     Again,  if  the  retardation  be  aome 

odd  multiple  of  — ,  the  extraordinary  and  ordinary  rays  ore  compotmded  into 
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a  olroularly-polariadd  ra;  of  liglit ;  nnd  if  Die  rrtnrdation  bo  nf  any  vuloa 
olber  tliHU  *oiije  nmltiple  of  a  quarter  wave-IenRth,  the  result  in  an  elllptto- 
aliy-poLarised  butuiit  tlie  ollipttQ  )j«tng,  according  to  the  amouot  of  retanla- 

tioD,  Rorue  one  of  tho4e  iRijetinitely 
iiuiimriMU  ellipses  which  lUKy  be  de- 
i<cribc(l  williiii  tbti  n>ctangl«  EuE'b 
(Fig.  190). 

In  the  general  coae,  AB  (Fig. 
l90)1>Gin}*  thopkiit!  nf  the  incident 
'e'  'heinii,  Cit  the.  prinripal  Bection  of 
^  ,      ..     ^  ,  I'le  interposed  plate,  thft  angle  AOG 

■4^ ''1-'''^//  lia\*itis  uny  value,  anil  On,  O,  knd 

Og  boinn  rcapcctivt'ly  ihc  relative 
amplitu<i(-'a  of  tbo  incident  ray 
jiolarified  in  tlie  p1aii«  of  AU,  otiil 
of  llto  ordiuiirv  uud  cxtiminiinury 
niys  eiiitrrgviiL  frum  the  iiit«rjK»cd 
pliilu  ;  cuui]iuimdi'd,  tliclr  a-suU  is 
au  BUiptloaUy-Polarlsed  beam, 
B  uf  wliich  tbe  limits  uv  : — 

(n)  A  plaae-polarised  beam,  wLohv  pluuu  uf  puluriaaliou  is  AB  and 
whoee  luiiplitudu  is  rcpruaciatcd  by  Oa. 

(1)  When  CD  coincidca  with  AB. 

(2)  When  CD  ia  itt  riyht  angles  to  AB. 

(3)  When  the  relative  retardation  of  ciiancl/f  is  0,  or  an  even  multiple 

a 

(}')  An  equal  plane-polerieed  licani  whose  plane  of  polArieation  pane* 
throngh  EE'  ;  the  angle  AOE'  heing  equal  to  twice  AOC :  Uiis  l« 
the  reiiiilt  when  the  relative  retanUtion  i»  nn  orltl  nnmber  of  half 
wiiVLS-lengthrt. 

{«)  A  oirculexly-polarlaed  beam  when  the  angle  AOC  is  one  of  46'*, 

and  the  relative  retardatioD  ia  some  odd  multiple  of  _. 

(1)  Right-handed  (rotation  contrary  to  hands  of  a  watoh)  when  the 

component  polarised  in  0/  Insea  (tngsther  with  any  number 
of  wboln  w«ve-lcii(^h«)  one  quarter  wave-length  or  gains  three 
qtiartere  relatively  to  Oc; 

(2)  Lefi-handed  when  it  relatively  gains  one  quarter  or  lo»e«  tlii«e. 

EllipticaJIy-polariBcd  lii-ht  ia  produced  in  every  other  relative  position  of 
CD.     This  IB  left-handed  if  the  relative  retardation  of  the  ordinary  ray  tratw- 

mitted  through  CD  lie  between  0  and  —  or  between  aX  and  nA.  -I-  —  ;  right- 

z  3 

handed  if  its  rctaLive  retardation  lie  hetwuen  —  and  A,  or  between  nA  + 

2  '  2 

and  (n  +  1)  X  If  the  plane  CD  lie  ao  that  the  angle  AOC  lies  to  the  left 
of  AB  (the  obBcrvor  being,  as  hitherto,  suppoeed  to  be  elationetl  near  iho 
soume  of  light),  tlicBo  conditions  of  left  and  right-handed ue««  rcspecliveLy  are 
roverscd. 

A  plate  of  refracting  bubatancc  of  such  a  ibickness  that  when  it  is  inter- 
posed in  the  putb  of  a  beam  of  pluue-puluriscd  light  of  a  particular  eolonr. 
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with  it«  iirincipal  Boction  itt  on  angle  of  ±  45"  lo  the  pJune  of  jwiUriuatioii,  it 
cnnvctrts  tlint  planc-polariscd  light  into  circul&rlj-jioIaTiMtl  li^^t,  ia  called  a 
quarter-undulatlon  plato. 

QuartGC-andulation  jtlatea  are  of  tvo  kindit :  (n)  Where  the  thick- 
new  is  just  Buch  aa  to  cauiu;  a  relative  r»rtariIiition  of  quarter  wave-leiigtliB ; 
(i)  Wli6«  the  ]Autv9  are  thicker,  but  are  oppQSed  iu  their  action.  In  Fig. 
191  two  platvK  cut  out  of  a  doubly  -  rcCrai^ting 
crystal  nro  shpuni  fitted  together  ;  the  one  is 
Cut  eo  that  it«  axis  ib  puulhl  to  the  pkuc  of 
the  paper ;  the  other  hfui  it»  axis  at  right  oiiglea 
to  the  paper.  Ineiiieut  li{,'ht  ai'iivt-a  alrvutly  pulor- 
yiaei ;  it  id  dividtd  bj-  douhlit  n-fmc-liou  into  two  rays,  an  ordinary  and 
an  extmordinory ;  tlicn,  aince  the  second  plate  hna  its  axin  at  right 
auglPB  to  the  axtH  of  the  firat,  the  orriinary  my  of  the  lint  plate  is  refmcltd 
in  thift  ae  an  extraordinary  my,  while  the  extraordinary  ray  of  ihe  fonncr 
paaaea  through  an  an  ordinftTy  my.  On  emt'rgcnce  both  niys  arc  parallel  and 
practically  irnincjilent  ;  and  thv  atuount  of  relative  retardation  in  equal  to  tliat 
produce^l  by  a  thin  plate  equal  in  thickneM  to  the  dilference  hcLwecu  tht 
thicknesKB  of  the  two  plates. 

When  light,  plane-polarined,  in  totally  reflected  booi  gloM,  it  i*  found  to 
he  etiiptically  polarised,  unlera  it  had  been  originally  polarbvd  in  the  plane 
of  ini-idence,  or  in  ic  plauu  at  riuht  angles  to  thiA.  Befiexion  trom  metals 
prcKJitB  this  peculiarity  at  all  ouijIub  of  incidence.  The  vibratory  niovenieat 
actually  cxtcndu  hcyoud  the  surface  of  the  ^last;  into  the  rarer  medium  be- 
yond, as  may  bo  proved  on  brining  a  luicond  piece  of  gInsR  close  to  the  totally 
reflecting  surface,  when  interference-colours  will  be  «ecn.  An  o  result  of  thin, 
A  difFereucc  of  phaBCe  is  se;t  up  between  the  two  componenta  (polarised  in  and 
ot  right  anglcB  to  the  plane  of  incidence)  into  whii:h  the  incident  light  may 
be  resolved.  A  similar  result  occurs  lu  uietnllic  reflexion,  fur  Kuiue  of  the 
light  [)«netrat«a  to  a  dlight  dt-jiUi  Iielow  the  Fi'dfctiiig  gurface,  A  wave  can- 
not  have  itJt  direction  ubruplly  changed  :  and  during  the  gradual  change  of 
it«  direction,  its  phaee  becomes  altered  to  a  gliglil  extent :  and  this  effect 
differs  in  amount  according  to  the  direction  of  ribrntion  of  the  incident  waves. 
The  change  of  phaac  in  light  reflected  from  gold  or  silver  is  such  as  to  indicate 
(Jamin  and  Quincld;)  ihnt  light  trawU  fiMter  iu  tho4e  meluls  than  iu  air. 
When  the  angle  of  incideucc  is  sach  tJut  tho  difference  of  phaau  sut  up  ie 

•T,  two  suuh  total  reflcxiond  would  convert  a  plane-  -^  ,„ 

polaiised  lay  into  a  drcularly-potarised  one.     If 


B  rhomb  of  glow  be  cut  in  such  a  form  that  o  my  V 
of  light  may  pass  normiiUy  through  one  surfiMC,  ' 
strike  n  second  surface  at  the  appropriato  angle  of 
incidence,  and  be  there  totally  reflected,  strike  the 
third  flurface  at  an  e<jnal  angle,  and  pnaa  ont 
normally  through  a  fonrth  surface,  a  ray  «<>  Lravi-I- 
ling  thKiH>;h  it  will,  on  limerKcncc,  \>c  funnd  to 
be  circularly  polarised.  Such  a  rhomb  is  known 
OB  a  Freenel's  Rhomb,  and  acu  as  a  qnorter- 
nndulation  plate  for  every  kind  of  light,  while  a 
film  of  mica,  real  or  virtual,  con  only  act  as  sach 
towards  light  of  one  kind. 

If  plauo-pohLTiftcd  light  jwss  successively  through  two  eiinnar  quarter- 


OF  ETHER-WAVES. 


[chap. 


/ 


\ 


unilulatitm  ptalM,  iitn]ilarl,v  pUecJ,  the  L'lavrgOQt  light  u  plane -polariwd  iu 
4  |tl*nc  at  right  iuiR]ea  to  the  origlimt  pLuic  of  pukrisatioii ;  whcreae,  if  th« 
two  qiutrter-andohLtion  plates  be  ujiposcd  iu  llicir  uctiou,  tUu  Ugtt  is  ruetorsd 
by  tht  BMwnil  to  ita  origiiiAl  ploni^-poluriiwd  state.  A  sccuud  iiuartt:r-uQJuIa- 
tion  p1ftl«  of  knovn  action  afrnnlR  aa  a  nieonB  of  difitinguiGtuDg  right  from 
lafUhaiKiod  rlliplically  or  cipcularly-polariaed  light 

The  two  vibrations  which  make  up  the  circular  or  elliptic ; 
vibration  of  the  ether  in  a  circularly  or  elliptically-polarised  beam) 
of  light  arc  not  in  a  condition  to  interfere  witli  one  another  on 
account  of  their  diScrence  of  phase,  because  they  are  executed  in 
pianos  at  right  angles  to  one  another.  If  a  beam  circularly  or 
oUipUcally  polarised  by  an  interposed  lamtno  be  received  npon  a 
birefriugent  prism,  it  is  split  into  two  parts,  one  an  ordinary  ray, 
the  otlier  an  extraordinary  ray,  and  each  of  these  is  plane-polar- 
ised.    In  Pig.  193  AB  is  the  plane  of  original  polarisation,  CD  a 

principal  section  of  the  interposed 
s^'W*-  /C  lamina,  EE'  a  principal  section  of 

the  analysing  crystal.      Then  a 
plane -polarised  ray   whose   am-, 
plitude  is  represented  in  mngui-l 
tudo  by  tlie  line  On,  and  whose 
plane  of  polarisation  is  AB,  ia 
resolved  into  two,  Oc  and  Of, 
which  arc  upon  emergence  com- 
pounded   into    a    plane    or 
ellipticaJly  or  circularly- polarised' 
beam,  according  to  their  relative 
retardations.     Wlien  this  strikes 
the  analyser,  its  components  Oe 
and  0/  are  tliemselves  resolved 
each  into  a  pair  of   eompononts  parallel   and  at   right  aiiglea^ 
to  EK' ;  these  are  respectively  Oe'  and  Ok  from  Oc,  and  —  0«^ 
and  0(/  from  0/      In  the  plane  EE'  we  have  therefore  two 
vibrations,  Oe'  and  —  Oe;  in  the  plane  at  right  angles  to  EE'  wa, 
have  the  vibrations  Off  and  O^.      But  Oir'  and  —  Oe  differ  inj 
phaac  ;  so  do  Off  and  Oh.      These  are  therefore  in  a  conditioal 
for  interference.     The  ordinary  ray,  passing  through  the  analyscp^ 
is  made  up  of  the  mutually-intftrfering  components  0*/  and  —  Oi 
and  the  extraordinary  of  Off  and  Ok;  the  effect  of  interference] 
is  to  cause  a  distribution  of  energy  such  that  the  ordinary  ra] 
gains  or  loses  as  much  energy  as  the  extraordinary  loses  or  gains^' 
and  thus  the  energies  of  the  ordinary  and  the  extraordinary  rays 
are,  taken  together,  equal  to  the  energy  of  the  incident  piano- 
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polarised  ray.  The  amount  of  relative  retartlation  caxised  by  the 
interijositbii  of  the  doubly -refractitiji;  jilate,  when  measurwl  in, 
wavo-lenytkg,  depends  upou  the  particular  kind  of  liglit  employed. 
Hence  when  the  original  plane- polarised  light  is  a  white  light, 
each  colour  obeys  ita  own  law ;  each  colour,  if  strong  in  the  ordi- 
nary, is  weak  in  the  extraordinary  ray,  and  vice  ve^rsd ;  thus  the 
^ extraordinary  ray  and  the  ordinary  are  coloured,  aad  tbeij  colours 
are  complementary. 


Tilt!  following  iiri!  the  limiting  caaaB : — 
i.  There  in  no  extrsanlinary  ray  wben — 

(a)  AB,  CD,  And  EE'  (Fig.  193)  windde. 
.  (6)  AB  anfl  EE'  wiiiictdf-,  on<i  CD  i-i  at  right  angleA  to  them. 

2.  There  is  no  ordinary  itnagc  when— 
(a)  AB  and  CD  coincide,  and  EE'  is  at  ri^hi  an;iles  to  tlicm. 
(6]  CD  and  EE'  coincide,  and  AB  la  at  right  angles  to  them. 

3.  The  two  images  are  equal  for  every  colour,  and  are  therefore  whita— 
(a)  When  AB  and  Cl>  coincide,  ond  the  angle  AOE'  =  +  45°. 
(&}  Whea  AB  uatl  CD  ar«  At  rijKlit  angles,  and  the  aDgle  A0£'  = 

±43*. 
(o)  Wbtin  CD  and  EE'  coincide,  'both  helng  at  on  uagle  of  ±  4  5°  with 

AS. 
(il)  When  AB  nnci  CD  are  at  right  angles,  and  EE'  maki^  on  angle 
of  +  45°  with  cither. 
In  every  other  pMition  the  two  imagM  are  complenicntarily  coloured. 

Determination  of  the  character  of  a  Beam  of  Light — A 

crystal  of  Iceland  apar  capable  of  rotation  round  a  longitni.linal 
axis  may  "be  used  as  an  anal)'3er,  and  will  enable  one,  with  the 
intervention  of  a  doubly  -  refracting  lamina,  to  determine  the 
character  of  a  beam  of  light  falling  upon  it. 

Plane-polarised  light;  as  the  prteni  is  rotated,  the  grdinary  and  the 
vxtraordinary  images  appear  anU  alti-rnately  wax  and  wane,  disappearing  and 
reapjiearing.    In  ih'n  iiuttance  the  duubly-rufructinj;  lamina  ie  dinpenscd  with. 

Bill ptiti&lly- polarised  Ught  and  partially -polariKd  common 
light:  the  two  images  never  entipelydiaappear,thongh  they  become  alternately 
brighter  and  dimmer. 

Circularly •polarixod  light,  and  natural  light:  the  two  imagea  do 
not  vary  in  tticir  rvlative  inl^tmily  with  the  rotutiun  of  llic  priKiii  ;  they 
continue  nearly  equal. 

Klliptically  and  circularly-polarised  light  on  the  one  hand,  and  common 
light  unpolarined  or  partially  i>olari»ed  on  the  other,  are  distinguished  hy  the 
rsBpective  actions  upon  tlium  of  a  quarter-undulation  plate,  interposed  between 
the  source  and  th«  uualyscr  ;  thu  former  am  converted  by  this  plate  into  plane- 
poUrised  lighlj  the  lutter  are  not ;  and  the  fiirnit->r  then  produce  only  one 
imaf;e  ia  «»uo  positions  ot  the  analyser,  while  the  latter  aln-uyn  produce  two. 


L 


Colours  produced  by  interpoaed  film. — Wlien  a  polariser 
and  an  analyser  are  placed  so  that  the  latter  quenches  the  light 
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■wliich  the  former  trausmits,  the  interposition  between  them  of  a 
plate  of  mica  or  selenite,  or  any  other  doubly  rpfractin;^  substance, 
will  cause  light  again  to  reach  the  eye,  providcil  that  the  principal 
section  of  the  interposed  substance  is  neither  parallel  nor  at  right 
angles  to  the  principal  sections  either  of  the  polariser  or  analyser. 
In  Fig.  193  above  let  the  angle  AOK'  be  made  a  right  angle;  O^ 
and  OA  come  to  coincide  in  direction  with  AB ;  Oe  and  0/  with 
GH,  at  right  angles  to  AB.  The  polariser  allows  ab  to  pass:  the 
analyser  cuts  olf  all  components  polarised  in  the  piano  AB ; 
whence  crossed  prisms  produce  perfect  darkness. 

But  the  intervention  of  the  doubly -refracting  substance  resolves 
the  light  which  caimot  traverse  the  analyser  into  two  mys,  of  each 
nf  which  there  is  some  part  that  can  traveraa  that  obstruction. 
If  the  doubly-refracting  substance  interposed  be  tmifonn  in 
thickness,  the  whulo  field  under  crossed  prisms  becomes  filled 
ffith  uniform  coloured  light ;  if  the  polariser,  or  the  analyser,  or 
the  intL-^rposcd  film,  be  turned  round,  the  light  first  hocomea  whit«, 
and  then  pas-ses  into  the  complementary  colour. 

The  cnlmirs  prnthiced  by  a  given  film  rtei^end  upon  the  amount 
of  relative  retardation  produced  by  it  in  light  of  each  kind.  This 
depends  tipon  («)  the  substance  of  the  film  and  its  refractive 
indices ;  (i)  its  thickness ;  (c)  the  inclination  at  wliich  the  ray 
traversing  it  strikes  it;  (d)  the  relation  of  its  optic  axis  or  axes 
to  the  ]>Iaue  of  its  surface. 

When  an  irregular  film  of  mica  or  selenite,  flaked  off  with  a^ 
penknife  from  a  large  mass,  is  interposed  between  crossed  prisms, 
the  eye,  looking  through  the  analyser,  sees  the  darkness  of  croaaed 
prisms  tmnsformed  by  the  interjiositiou  into  a  aeries  of  gorgeously 
brilliant  colours;  and  as  the  analyser  is  turned  round  these  fade 
away  into  white  light,  and  reappear  in  complementary  tints.  If- 
the  film  be  a  very  thin  wedge,  each  thickness  of  it  produces  its 
own  colour,  and  a  kind  of  spectrum  is  thus  producetl.  A  double 
wedge,  Icnown  under  the  name  of  Babinet's  compensator,  and 
shown  in  Pig.  li)4,  acts  as  a  virtual  fJm  of  graited  thickness,  and 
gives  a  aeriee  of  fringes  or  spectra.  Thia 
chromatic  property  of  a  doubly -refracting 
film  and  an  analyser  may  be  made  use  of 
to  detect  polarised  light:  if  the  light 
looked  at  through  such  a  system  be  wholly 
or  even  partially  polarised,  the  phenomena 
of  polari-sation-coloura  come  into  view;  and  while,  for  example, 
natural  light  in  such  a  case  gives  two  nearly  equal  white  images 
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when  a  crjrstal  of  Icelimd  spar  is  used  as  the  aualyser,  circularly- 
polarised  light,  on  the  other  hand,  gives  two  complemciitory 
coloured- images  of  aUnost  exactly  equal  intensity — equal,  tliat  is, 
from  the  physical  point  of  view,  though  to  tho  eye  these  coloured 
images  may  not  seem  equally  bright 

Wlieti  a  divergent  or  a  convergent  beam  of  white  light  pasaes 
normally  throiigli  an  interp<^i8ed  film  cut  at  i-ighi  angles  to  its  axis, 
the  centre  of  the  ordinary  image  is,  when  the  analyser  is  parallel 
to  tlio  polarLser,  found  to  be  bright  and  colourless,  while  round 
this  there  is  a  series  of  annular  fringes  or  spectra,  the  local 
tints  of  which  depend  upon  the  local  relative  retardations ;  tho 
whole  being  traversed  by  a  colourless  cross,  whoso  branches 
are  parallel,  and  at  right  angles  to  the  plane  of  polurisallun.  At 
the  same  time,  the  extraordinary  image  presents  the  comple- 
mentary appearances— a  black  centre,  a  black  cross,  and  com- 
plementary colours.  When  the  analyser  is  turned  roiuid  through 
90%  80  that  the  ordinary  image  becomes  an  extraordinor}*  one,  it 
reveRea  iis  appearance. 

TbiH  <.T0^  ii4  really  n  coiiicidfiucv  of  two  cmsw*,  uac  purallul  lUiJ  al  righX 
uiglud  tu  Uii.-  priiuitivu  plunv  of  puliLrisution,  uml  thv  uUiii'  ptuuUcl  and  at 
r^;lit  uugWa  to  the  pnncipul  sectiou  of  the  uudyser. 

Wlien  a  laminn  is  int«rptueil  whose  axis  iii  not  at  right  anglca  to  ita 
siirfoci;,  the  coloiirvil  (or  inochmmittic)  lines  nrc  modifletl  into  liyporbolic 
curves,  or  even  into  lines  nearly  Btmight  ;  but  if  the  mis  be  paraUel  to  th« 
surface  of  lh<^  UmiDa,  and  if  the  axis  be  aUo  parallel  or  at  right  auglei  to  the 
original  [»lane  of  puUriBatiou  of  the  luctdent  light,  or  again,  If  tht;  ]>riii;:ip&l 
Kctiun  of  the  an^ljfMr  bif  iJarnllt-l  or  at  right  anglen  to  that  of  th«  lamina, 
llierv  is  iii>  coloration  producei], 

Whpn  lliu  lamina  tittw)  has  liL-on  cut  from  a  biaxial  crfstol,  tho  uoQliro- 
matic  lini^  an  converted  into  a  terim  of  curves  known  oh  lemniscatcs,  and 
the  dark  or  colourlesa  crosses  are  repreeented  by  a  pair  of  hyperbolic  curves. 

The  doubty-refracting  power  of  a  body  may  be  detected 
when  it  is  placed  between  crossed  prisms,  and  by  this  means  it  is 
found  that  substances  M'hich  are  ordinarily  isotropic  become  doubly 
retracting  when  they  are  exposed  to  compression,  or  to  dilatatioQ, 
or  flexure,  or  torsion,  or  vibration  (especially  at  the  nodes),  or  to 
molccidsr  stress,  as  where  they  arc  heated  and  then  suddenly 
coolctl,  or  to  electrical  stress;  and  crystals  ordinarily  isotropic 
become  double -refracting  wlien  exposed  to  mechanical  stress,  op 
when  they  crj-stiillise  irregularly  or  lire  not  homogeneous.  Organic 
tissues  are  by  tliis  means  for  the  most  pai-t  found  to  be  double 
refracting,  and  they  seem,  when  placed  between  crowed  prisms, 
to  shine  by  their  own  light  against  a  dark  background — a  cu'cum- 


508 


OF  ETHER-WAVES. 


TcnAF. 


stance  favouraWe  to  definition,  for  there  is  no  diffraction  of  light 
round  tlie  fibres,  but  practically  of  little  utility,  for  it  is  difficult 
to  get  prisms  of  Iceland  spar  sufficiently  cleai'  to  be  interposed  in 
the  path  of  the  rays  wmiiig  from  a  high-power  objective. 

It  baa  been  proposed  to  make  lue  of  a  dynamometer  which  ni««nmB 
finces  by  tlic  compreHions  exerted  on  glass  whiiti  is  interposed  between 
crowed  prUmii,  tiitue  cuinpruffiions  biding  bHtiiiiated  hy  the  colours  produced  : 
t1i<3  greatfi'  the  cotnprctieicin,  the  ji^n-jitfr  Uii.'  diifurcticiA  of  phaitc  set  Qp 
between  tlic  ordinary  and  the  cstraordinary  rayp,  uud  ibu  longm-  the  wave  of 
that  colour  which  is  cut  nut  of  the  emergent  light. 

It  hfui  also  been  found  that  hIiccd  of  difTcrent  mincmU  plofcd  between 
eroMcd  prisms  act  in  very  chamcterieti'C  mannera,  and  are  thus,  in  many 
caACi,  cuily  ideuUfltd. 

Andrews  proposed  aa  a  test  for  soilituu  to  make  Rodinm-plntinum  chlorid^  ] 
which  producee,  when  plated  between  crossed  prisms,  ujluurs  so  virid  and 
«baract«riat)c  that  the  miUionth  part  of  a  groin  of  sodium  ean  be  detected  l^ 
this  meaii§. 

BOTATOIl^    POLAHUATIOH. 

When  natural  while-light  !«  puBsed  throufjh  a  polariBer,  then  tluvufjh  a 
jilm  of  mien  or  nelenite  cut  parallel  to  the  nxiii,  and  lafitly,  through  an 
analymng  prinm  of  [c«Und  epar,  it  ^vcs,  as  we  have  «een,  two  colourleas 
image*  of  the  dourcc  of  lipht.  If  now  wo  replace  the  mica  or  sclenite  by  a 
«Ucc  of  quartz  cut  parallel  to  the  axis,  the  two  imngcB  produced  are  comple- 
mentarily  colwan-'fl. 

If  their  light  he  eiaiiiinud  with  a  priHiii,  it  in  fonud  that  Llie  Hpcctruni  of 
the  light  of  lilt!  ■•xlrniiixliiiiiry  iumgc  iit  lHi:king  in  a  pruticiitar  n^ion,  whidt 
prwieiiUi  a  diirjc  luind,  while  tlwit  piirticuJar  nc'^^on  is  bright  in  the  spectntia 
•if  UiL-  (jnlinury  ima^c.  Further,  as  (be  analyser  is  turned  round,  the  dark 
biuiii  in  the  sjieclrum  of  the  extmordlnary  ray  seems  to  (ravel  up  or  down 
ihe  spectrum  ;  and  if  the  piece  of  ciuarti  used  be  very  thin,  thia  ilark  band 
may  traveive  the  whole  spectrum  wliilu  the  a&u1y»cr  i«  rotated  tbrutigh  an 
angle  of  less  than  180".  That  ]uLrticuliir  kind  of  light  wbicb  is  absent  in 
the  i>xtnu>rdinary  ray  leaves  thn  quartz  plate  in  a  condition  of  polariaatinn  in 
n  plnuL-  pamltcl  to  the  prinnpal  section  of  the  analyser. 

Each  position  of  tlit-  miiilyaiT  cutA  uEf  a  ili-ttinct  kind  of  light  in  the 
extraordinary  ray  :  hi-iia'  light  of  each  cohiur  mii"t  Imvc  bocomc  polarised  in 
a  epeeial  plani-,  and  thi.-  plane  of  imlarisatioii  of  the  light  incident  upon  the 
quartz  ha'*  bc<'n  rotated,  that  of  each  component  colour  to  a  specific  extent. 

Biift  found  that  a,  the  amount  of  angular  rotation  of  the  plane  of  polarisa- 
tion of  each  colour,  was,  vevy  roughly,  proportional  Ut  the  »>{uarc  of  its  wavc- 
frofjiiencyj  or  inversely  proportional  to  the  tt^uure  of  A,  iha  wave-length.  Boltx- 
mann  showed  that  the  trufl  law  is  thai  a  =  (A  -f  A.^'l  +  (B  ^  A,*)  :  in  quarts, 
for  example  (Slefun),  a  =  {(707018  -^  10«  '  X^  +  (0-14083  -■  10"  '  X*)\ , 
where  A  is  the  wavc-Icutglh  Jn  mm.,  and  a  the  rotation  produced  by  a  slice 
1  mm.  thick. 

We  hare  seen  that  a  plane-polttriiwd  beam  is  Minivnlent  to  two  eqnsl 
and  opprmitc  circnUrly-polflriwd  bcnms  ;  but  quarts  allows  a  right-handed 
circularly- polarised  beam  to  truvpl  faster  through  it  than  a  Icft-hauded  one  ; 
at  any  given  point  tlie  right-handed  component  i«  therefore  not  so  adranced 
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InftBphMB  M  it«  loft-hiLndcd  coinpaninn  :  this  iii  cfjuivnlmt  to  a  reUdTc 
g»ia  of  phase  "hy  the  eo-callcd  lcft-ban<3cil  componcDt  (see  dclinitlon,  ]\  4G4) ; 
this  c&vaea  the  plane  of  the  plane-polahBed  ray  graijuolly  to  torn  to  tli«  right, 
in  the  tame  direction  aa  the  hands  of  &  watch  vhen  the  ray  ia  lookeil  mI  ^-oni 
bi^hiiiil,  from  puluriitur  tuwurds  annl3'»trr. 

A  piuco  (jf  ijiinitz  1  iiiiti.  thick  thus  tiinis  the  pliiiie  of  pulurisutiiin  of 
yellow  rays  about  22' ;  a  piwo  about  1636  mm.  thick  will  turn  them  througb 
360°,  for  the  unioimt  of  rotation  is  proportional  to  the  tbicknefi*  of  the  rotat- 
ing medium.  For  the  FmimhofiT  line  B  the  specific  rotattiry  power 
of  ciuarti  (1  mtu.  thick)  ia  15°-55  ;  for  liue  1),  2r-67  ;  for  line  Hj,  50° -98. 

A  subt«tanvc  which  ttcte  in  the  Mime  eeusc  09  ijuurtz  is  «ui(l  to  hf 
dextro-rotatory  or  poBitivi:  ;  one  which,  ctiiuiiig  a  rvlaUrulr-Eluw  pro- 
puf^tioa  of  riybl-haniloil  circuUirly-pobinHed  lightj  rotates  the  plane  of 
polarisation  to  the  left^  is  IfBVO-rotatory  or  negative.  This  property  ifl 
not  confined  to  cryatAla.  The  following  li«t  comprises  a  few  examples  of  bodies 
of  tech  kind  : — 

Dextro-rr.iLatory.— Some  wiinplea  of  qiiarfc! ;  cane  sugar,  Rrape  snRiir,  cam- 
phor ;  uuiny  eueutial  oils,  auch  as  oil  of  oranj^e,  oil  of  carraway  ;  cinchonine, 
i^uinidine  ;  caator-oil. 

Ijbto -rotatory. — Some  samples  of  qnartz  ;  oil  of  anise,  oil  of  mint,  oil  of 
turpentine  ;  c|uinine  ;  sugar  of  fruits,  starch  ;  albumin. 

The  rotatory  powers  of  tlifferent  substances  un  compared  by  means  of 
two  constants.  (<>)  The  real  specific  rotutury  power  ;  the  itAtattoii.  for  a 
given  colour  or  Fruunhufcr  line  produced  by  u.  layur  I  mm.  thick  uf  tJio  Buh- 
stance  itself.   The  symbol  a^  douoieB  the  nai  rotation  fur  ibu  Fraunhofer  line  D. 

(6)  The  apparent  specific  rotatory  power,  [o],  for  a  given  line  or 
colour  ([ajo,  that  for  the  line  D);  the  rotntioD  produoitl  by  &  siibstance  in  a 

state  of  dilution.     It  ia  eq^ual  to  — -,  where  a  is  the  observed  rotation,  t  the 

€lp 

qiuiutity  of  active  Buhstoncc  -p^T  gramme  of  solution,  [  the  length  of  the  coluuin 
employed,  and  f>  ita  deniitt}'. 

The  apparent  npedfio  rotatory  power  is  slightly  increased  by  rise  of 
temperature  and  moditlud  by  tlie  nature  and  proportion  of  the  diluent 
subaUuicc. 

With  these  variations,  for  cane  eugar  [a]^  ia  about  67° :  for  milk-sugar — 
o-IactoM  80',  /3-Iacto»e  64'6'' ;  for  cr^'EtAlliscd  grupc-eugar  in  7*68  "/,  solution 
[aJn  =  fi389*,  in  82-6  '/,  solution  [a]o  =  67-8'. 

A  colnmn  SO  cm.  iu  length  of  solution  of  cane  angar,  containing  in  each 
100  cubic  cm.  L6*3&0  ^iiiel  of  caae  sugar,  iH  eijciivaleot  in  rotatory  power 
to  a  pinto  of  light-handi-d  quortJi  1  mm.  thick.  This  fncf,  coiipl^i  with  the 
fortuniite  circumstance  thcit  the  rotatory  dispersion  for  quartz  i«  the  same 
as  that  for  cane  sugar  and  glucose,  enables  the  strength  of  solutions  of  sugnia 
to  be  approi:  in  lately  determined  by  means  of  a  Saccharimeter. 

Easeutial  oils  are  found  to  retain  their  rotatory  power  unimpaired  (due 
allowauco  being  made  for  proportionatv  dilution)  when  in  dilute  solution, 
or  uvcii  when  in  the  state  of  rupour,  provided  that  they  undergo  uo  chemical 
chaii)|,'u.  When  eubetancoa  l»vo-  or  dextro-rotatory  are  mixed  with  each  other 
or  with  indiPFerent  euhetanceji,  and  if  there  !«  no  chemical  change,  the  rota- 
tory effect  of  the  whole  is  found  by  multiplying  the  rtitatnry  index  of  eadi 
substance  by  the  proportion  in  which  it  is  present,  and  finding  the  joint 
effect  of  the  components  of  the  mixture  hy  a  proc£«s  of  simple  addition.  If 
a  rotatory  substance  aseume  the  cr}'»tallinc  form,  its  rotatory  action  is  tcit 
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often  mftftlcetl  by  iloulilc  refraction  :  whenc«  finlidA,  sndi  aa  camphor,  ue 
gttnemUy  bi>«t  cxiimimil  in  Hululiuii  ;  exceptioiut  to  ihia  being  fonnil  id  •ome 
COMX,  siiub  an  Uiow  »f  Wuxile  unci  chlonitv  uf  «)dn,  where  the  Tt>tat(iry  power 
dep«iida  upon  th«  crystaUine  structure,  iind  iti  which  thn  crystaU  nn?  gctrantlly 
bemihedric,  ur,  a*  it  were,  disborte'l  towarils  one  aide. 

Rotatory  pobirimtioQ  is  thus  due  either  to  crystalline  arrangement  of 
molecules  or  to  tJie  elnicture  of  the  raoleculea  tbemflclves  ;  and  it  bus  been 
shown  (vun  't  Hoff)  thiit  boiUi^  giflvd  witli  Uie  luolvciilar  jiower  of  rotation 
hure,  in  tbuir  cKciuitful  ^ni|(hEc  furniuliv,  u  marked  nitnt  of  eiymmetry. 

We  siK  iiDW  in  a  podltiun  to  iiiidi:i«UiDiI  the  iiiecus  which  lU&kQ  ap  a 
Soleil'a  aacoharlmoter.  I.  A  Nitol's  priBni,  in;hronmtiBDd  by  a  pro- 
peiij  ahiiped  prism  of  glnss  through  which  the  tr&nEniitled  cxtrsordinnry  ray 
poMes  :  the  afbroinAric  priHm  thua  ncting  na  &  palarUcr  ia  so  placed  that  the 
light  transmitted  by  it  Is  pohiriaed  in  a  vertit»l  plane, 

2.  A  doublv-rinartx  plate,  or  3i(|iit)rtz  ;  two  semicircular  platu  of 
quarlx  joined  by  a  Ttrtio^l  cenicnt-liTi>f,  And  thus  forming  ft  circoliu  disc  of 
unift>rm  thickness  :  the  two  halves  have  opposite  rotatory  power,  and  tlnsir 
thickness  is  so  Htljusteil  that  they  respectively  deviate  through  90'  in  oppiv 
atft  dirvclioiis  the  plaue  nf  puljirisation  of  incident  plane  •polarised  yellow 
light :  thvy  therufuru  buth  deviate  ycLIuw  light,  incideul  upon  them  and 
polarised  in  a  vcrticul  plane,  into  tha  tame  horizoiilal  pluiic. 

3.  A  Liquid-hulder  ;  a  tube  tiltt^d  with  oli'ur  t^lius  at  each  end,  in 
which  is  plitced  a  layer  of  the  liquid  to  be  examinvd,  10  cuutimetTBS  in 
length,  anch  beiii^  the  diHtaiice  between  the  teraiinal  glase-platea. 

4.  A  Compenxator.  Tbi»  is  in  its  elTt>x:L  a  quartz  plate  of  f'sriablB 
thickuei>&     It  conuixtJ!  of  two  pieces  of  (quartz  of  n  wed^^e  shapi^     One  of 

Plr.lSG.  these  can  be  mad^  to  slip  over  the  other  ;  the  ccntml 

Ihickneaa  is  thus  variable  at  wilL  The  amount  of 
niovemciit  can  be  meajtureil  by  means  of  a  vernier 
L'otiiii^(-ted  with  tbf.  utie  wcd^n,  and  a  scale  connected 
witli  tbt;  otlnT.  When  the  ivrv  of  the  vernier  coin. 
ddes  with  Lb*'  v  .n>  if  tbr  scale,  tbi-  tbickuci!"  uf  thejninl  system  i"  Mich  that 
it  ("lactly  «<[itr.di-.--  Ibe  rotatory  effect  of  one  of  the  halves  of  the  btquartz, 
wbilu  it  dinibk'B  that  of  the  other,  the  eft'uct  bein^,  in  hoth  cases,  to  bring 
the  light  back  to  tiae  origiuol  vertical  plant:  of  poUriuktioQ. 

5.  An  Analyitei":  this  ii  generally  a  NicoVs  pnnm. 
0.  A  Lens  to  be  fucusscd  un  the  biquartz. 
To  use  the  inBtrument: — Fill  the  liquid-holder  with  water,  and  put 

it  in  poisition  ;  focus  the  lens  &  no  as  to  obtain  a  clear  image  of  the  biqttort*  ; 
mftko  the  vernier  and  the  xc^e  of  the  compel uuvtor  to  coincide  ;  turn  the 
aiud}'»cr  rouml  until  tbt^n*  is  obscrvt'd  to  fill  the  tiebl  a  |nrticu1ar  bne,  lying 
between  thr  red  tLnd  thv  blue,  and  calk-d  the  tnntt  de  jkuuhijh  ;  this  hue  being 
chosen  out  i>r  the  many  which  will  successively  oome  into  view,  on  tlie  ground 
thut  as  the  instrument  is  constructed,  the  appearance  of  this  colour  denoteH 
that  tlie  principal  section  of  the  analyser  is  parallel  to  the  plane  of  pidarisB- 
tion  of  tbo  yellow ;  the  cxlmntrdiriary  image  which  pas:M;s  tbrough  the  anulj'scr 
is  thus  represented  in  colour  by  white  dayl^ht,  luiuus  its  bright  yellow: 
the  remainder  produces  iu  tbo  eye  the  cfTixt  of  a  dim  lavender  gray,  wbidi, 
with  great  tteneitivcness,  merges  into  red  on  the  one  hand,  or  into  blue  on 
the  othiir,  when  the  analyser  is  slightly  rotated.  Both  halves  uf  tlie  <jiiartx 
plate  appear  of  the  same  colour,  because,  from  them  both,  the  yellow  Uglit 
iiaues  polarised  in  the  same  horizontAl  planr. 
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If  now  the  wnt«r  in  the  lujuki-htddcr  bu  irplaccd  liy  Iho  liijiiiJ  to  Ijc 
tested,  and  if  that  liquifl  liiivn  rotatory  power,  the  two  halves  of  Ihe  quurtx 
will  ceow  to  appear  of  the  same  colour  :  the  tiqui<E  aids  the  rotatory  eflect  of 
the  oue,  ajid  is  oppriced  to  that  of  th«  other,  'i'be  effective  thickneae  of  the 
coiujjvui-iitor  is  uow  varied  until  the  rotntory  efftct  of  the  liquid  is  aeutralised : 
tho  vcniiLT  shovTH  ^y  lI^  dtsphu'fliiicuL  Liuw  iituuh  tht:  thickucs^  huti  been  in- 
unauwd  or  dimiiiiahL-d :  lh«  grnduittiou  of  ihe  vi'micr  i»  ajhiiitiry,  Ijut  a 
disptacemcut  of  one  Htvp  on  the  huOu  aniountA  gcnemlly  to  a  diRerencu  of 
OQfe-tcnth  of  a  nn11ini(!lre  in  the  thickne!'^  of  the  f\xitittr. ;  and  aa  the  vcmicr 
cudfl  trt  tenths,  the.  positive  or  nffjative  nitt'ration  of  thickneaa  of  the  (]iuut)! 
found  npi"c*Miry  to  restore  the  niiiftinu  wlnration  of  the  (ipld  nmy  he  meunred 
to  the  hundredth  of  a  millimetre.  If  the  thickni-iM  of  the  compenKitor  have 
to  ha  diminished,  the  li(|uid  Iioa  rotatory  power  Hiniihir  to  tliat  of  the  quartz 
uaed  in  making  the  compenwilor  ;  if  it  have  to  be  increased,  it«  action  i«  con- 
trary to  that  of  the  <|^uart2.  It  ia  iiecciaary  to  know  of  what  kind  thb  qiiartK 
\x  ;  this  being  known,  it  t^ii  be  st&ttnl  tliat  100  iiini.  of  the  liquid  are  equiU, 
positively  or  negatively,  to  w  numy  tnilliiiietreH  of  dextru-n>tatory  or  liovo- 
iDtotorj-  quartz,  o»  tho  case  may  be  :  mid  thus  tbu  rutalory  puwvr  vt  the  li^imd 
can  be  EpecJfied  with  precision. 

Thus  a  layer  of  water  10  cm.  thick^  containing  diabetic  Bugor  in  iwlatiun 
in  the  proportion  of  10  ^mtntnes  per  litre,  is  equivalent  to  a  tluckneee  of 
3'42  mm.  of  ri^ht-handnl  qunrti; :  th<>  thickneiw  of  a  dextro-rotatory  eom- 
pt^nflator  t>f  quartz  would  have  tc  be  dimini(<)ied  by  an  amount  orreaponding 
to  34*2  divieioiifl  of  the  Bcnle  on  the  inter^iosition  of  a  Bohilinn  of  thnt  sut- 
Hlanee  of  tht;  given  thickncse  and  the  given  Htrcni;^h  ;  while  if  the  R^lution 
were  weaker  or  stronger,  the  amount  of  change  of  thicknefia  of  the  <}uarlz,  at 
hKowii  by  Lhe,  tin^ount  of  ilixpUcvuieiit  of  Uiu  vernier,  would  he  appmsimately 
|)iopL>rtional  to  tlic  HtK-n^h. 

For  other  SatchiLriumters  in  use,  we  Watt's  Dietianaty  of  C^tcmidry, 
Suppt.  iii.  p.  1198. 


TlUSSKOKMATlOSa  OF  THE  EnE-RGV  OF  ETHEH-WAVEa. 

We  have  already  seen  tliia  enei^  transformed  into  molecular 
worTc  iti  the  processes  uf  photography,  and  it  is  now  merely  acces- 
sary to  remark  that  whatever  mcreaaes  the  ahsorption  of  liglit 
by  a  set  of  molecules,  increases  the  chemical  work  doue  hy  the 
incident  ether-waves;  if,  for  example,  a  .spectrum  be  cast  upon  a 
photographic  ptate  prepared  with  collodion  in  which  chlorophyll 
has  been  dissolved,  the  IotmI  ui'  the  chK^niphytl  ahBorption-faanda 
oomes  out  most  strongly  in  the  resultant  photograph  of  the 
spectrum. 

The  impact  of  ether-wavea  upon  some  suhatances  gives  their 
molecules  n  new  arrangement;  flelenium  is  thus  so  acted  upon  by 
light  that  it  becomes  a  better  conductor  of  electricity  than  it  is  in 
the  dark ;  and  hard  rublwr  is  superficially  acted  upon  by  light,  so 
that  when  the  incident  beam  is  intermittent  or  harmonically 
variable  Ln  intensity,  the  rubber  emits  a  sound  which  repro- 
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duces  is  its  pitch  or  itd  complexity  the  peculiaritiea  of  the 
incident  lighL 

It  has  been  proposed  to  call  the  lost- mentioned  property  of 
hard  nibber  the  soDorsscence  of  that  substance. 

Aft  to  the  mechanical  or  molar  work,  the  pressure  cxertod  by  the 
impinging  ether-waves,  though  small,  ia  definite.     The  energy  in 

one  cm.  of  sunlight  at  the  earth's  surface  is  about      -     '—  ei;g, 

and  the  pressure  per  square  cm.  ia  about  -  dyne,  or  roughly 

epeaking,  about  the  weight  of  a  threepeuny -piece  on  each  acre  of 
ground. 

The  mechanical  effect  of  ether-waves  ia  rather  to  be  looked 
for  in  their  heating  effect  than  in  direct  prcsHiire.  They  may 
heat  absorbent  gases,  such  ns  ammunia,  and  cause  them  to  do 
mocluLnical  work,  or  to  produce)  sound,  if  Lhe  incident  beam  be 
intcmiittent  or  harraoniically  variable. 


OpnCAL  iNSTnCMENTS. 

The  Bye,  conxiiloivil  m  a  «inipl«  lBiti<,  bringe  parallel  rayi  incident  vp<m 
ibe  c«mea  to  a  fociii  iipun  th?  retitiA,  lience,  when  it  ia  aL  rust,  na  when 
one  meililati^'uly  wnU:ii]]>lat««  8[uee,  it  ia  adiL^itutl  for  ^'uion  of  intlnitcly-dJa- 
tant  objflcta.  To  luuk  at  ucurcr  objects  requln^fl  an  cITort  for  cnch  — ui  effort 
of  aficomaiodoUon.  This  ia  vfToctod  by  increasing  the  oirivextty  of  that  part 
of  the  eye  called  the  crj'suillinc  tens,  which  ii  nnrmnlly  flAtl«ucd. 

The  range,  of  accommodation  pmnded  by  oiir  ]ir>wi;r  of  Yorying  tbe  form 
of  tilc  cry!>tAlline  lenn  in  the  same  as  if  w«  were  provided  witU  a  »et  of  lenws 
cXkll  fooiil  len);th.>'  Wtwcpn  intinity  and  About  ten  ceutimetreit. 

The  eye  present*  soVL-nil  fuults,  ox  we  find  when  we  exjioce  it  to  wvcre 
tcatH.  Ita  sertral  pnj'ts  e.Te  not  timly  centred,  lu  lurfiici-s  aru  Dover  truly 
symmetrical  round  an  axis.  It  is  ol'ttin  too  long  in  tiie  I>u])i,  so  that  lays  are 
brought  Co  a  fucui  befm-e  arriving  nl  the  mtitui,  and  produce,  instead  of  clear 
images  of  the  Hvcml  pulntii  of  an  object,  u  number  of  (>vcrla})ping  diffuMoD- 
circles,  and  theru  ie  cuimequcutly  produced  a  Uurred  image  nf  the  whole  ; 
this  condition  refjuiruB  the  use  iu  front  of  the  i^ye  of  tliick-nlgcd  lenaesi,  in 
order  t>omuwhn,t  to  diverge  the  incident  Leam,  The  bnib  may,  on,  the  other 
hand,  be  too  short,  m  that  converting  leiiw«  arc  Dceeflficrr.  Spherical  abcrm* 
lion  is  always  present,  luid  the  imiiKUf  of  «r|ually-difituit  coloureii  <>l>jects  can 
never  appear  equally  distinct,  for  they  are  not  in  fociw  at  the  name  time. 
Th«  front  of  the  cornea  lias  frequently  a  somewhat  cyliiidrii»l  form,  in  conao- 
qnience  of  which  horirontal  and  vertical  objevta  dn  not  come  to  the  same  facu& 
The  field  of  viiion  i*  extn-tii<tly  liniitcr),  and  thu  innst  fensitiTe  part  of  the 
reUna  is  excenLric  Yet  for  all  this  we  an:  for  the  most  part  iuM-nsihlo  to 
these  defect*  j  we  have  Iho  power  of  adjuating  the  eye  witU  extreme  rapidity 
for  all  the  piirt»  of  an  extended  object,  and  wo  have  been  educated  by  ex- 
perience to  use  both  our  eyes,  and  thus,  by  bleodii^  tliu  ecponUe  pictures 
provided  by  the  two  eyca,  to  furm  judgments  oi  to  tlut  solid  form  and  di«t«noe 
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of  remote  otjccto, — a  power  which  we  diflcover  to  hjiTe  depended  greatly 
upon  binocular  vision  when  we  try,  nhutting  nne  eye,  suddenly  U)  touch  any 
givcu  oliject  at  ann'n  length,  though  it  can  ha  otiltiv&tfrd  an-n  with  one  eye, 
jUHl  ft*  raicro«copiat«  who  have  ImiK  usc^l  n  moniiuHlnr,  and  cultivated  a 
hahit  of  ki;tTp{ng  th«  Rne  %djuFliiii?nt  in  action,  find  no  p<>np«cliv«  lulvAntafp 
in  th*  \wn  of  a  binocular  microacope.  Witt  a^fe  the  power  of  accommodation 
waDG8  ;  for  neur  objects  the  ijuage  cannot  he  brought  to  a  foeoa  i>n  the  retioA ; 
and  then,  in  order  clearly  to  Me  near  i>l>JGcb«,  thti  aid  of  couveri^eat  lensva 
must  bu  Kiujicht. 

The  Miorosoope. — An  ordinary  thiu-tdgud  lean  i»  ca1k-d  a  simple 
niicriMcopt;  or  iniigtiifying  glass.  The  compound  micpoacope  is  fonnud  of  an 
objective — a  eomhinatinn  of  li^»es  which  converges  the  niys  divergent  from 
the  object  into  un  inverted  real  image,  achromatic  and  aplanetic  (i.e^  devoid 
of  the  effects  of  spherical  aherration),  in  a  phinft  in  »]wce  l:>etwefii  ite«lf  and 
the  eyepiere — and  of  a  conveti^nt  cytpitce,  nlBO  compound,  and  corrcet^^ 
for  fpheric&l  and  dirom&tic  aberration,  which  nia<,-QifieR  this  inverted  rea] 
itnai^,  and  prodac«H  an  inverted  virtual  intake  at  an  apparent  difitanco  from 
the  eye,  not  less  than  that  of  thv  niiareat  distinct  vLttion.  Thi;  jx-al  image 
formed  by  the  objective  luiiat  be  at  the  focus  of  the  eyepiece  ;  hence,  when  a 
more  highly-nxnguifying  eyepiece  ia  used,  in  order  tu  throw  thv  rval  hnagi 
butk  lo  the  fwcus  of  the  eycpieue,  thfl  oLjvctivo  mturt  uioru  dfwcly  approach 
the  obJQi't  exauiiuciL 

The  ruy«  fi-oiu  the  real  imogi!,  instead  of  being  received  by  an  eyepiece 
may,  the  eyepiece  being  removed,  be  allowed  to  diverge  and  fall  upon  a 
ecreen  ;  they  will  there  form  an  iinngtt  of  any  aiie,  whinh  may  he  tmccd  by 
hand,  if  the  ilhiminntiim  he  sufficient  ;  if  the  ecrcun  be  a  si!D«iti.'*i;d  photo- 
graphic plat«,  a  p]ioto)^ph  may  lie  produced. 

In  the  astronomical  telescopo  pHrallfl  rayit  fruni  a  di-ntaiit  atar  ni« 
made  to  cotiVcr^e  iiitil  fi>rui  ii  siuull  riui!  iiiinge  ;  thin  in  examined  by  a  iiiniple 
achromatic  cvepit'iie,      Tbi:  iniiij^c  ig  inverted  h'ke  tbiU  in  Ibi?  iiiicniscope. 

In  t\w  ten-estrial  teleaoope  myB  nearly  pandli'I  tvru  mady  U>  converije 
and  form  a  eniiill  inverted  real  image  ;  this  BmaEl  image  is  uiajjnified  and  in- 
verted by  an  ari'^ni^ment  of  lensea  equivalent  to  a  compound  microscope. 

The  minute  virtual  image  of  aurrouiidiug  objecta  produced  by  reflejiion 
from  a  globule  of  lutrcury  ii  vun  of  the  modt  trying  teals  fur  au  ordinary 
microscope. 

In  the  opera  fflass  a  conven^Rnt  lenn  directs  [ncidcnt  raye  towonls 
an  inverted  real  image,  hut  before  this  ia  formed  the  rays  meet  a  divergent 
lena,  which  cauHea  them,  instead  of  convet);png  towards  a  real  inverted  image, 
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to  diverts  as  if  from  a  virtual  enct  ima^e,  aa  is  shown  in  Fig.  106.  This 
combination  of  lensea-^Qalilco'e  doublet — ia  one  of  the  aimpleet  and  most 
uecfuL 

lo  the  ophthalmoscope,  aa  uacd  for  the  ohiwr^'ation  of  on  erect  image 
of  thu  funduit  of  the  eye,  Chu  principle  of  Galileo's  doublet  is  sometimcft 
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BtiUavd.  la  the  Kltt  'ptnoe,  light  is  made  to  fnll  upon  the  Fuodua  of  the  eye 
bf  mmiuota  concave  mirror  fixed  upon  thtt  forvIieoU  of  the  obwrrer.  The 
fiudiB  is  thus  illuiaioutvd  ildi]  beojmes  a  »uurcc  of  light.  Bayii  from  it  pan 
tonrds  the  ryu  of  the  ul>i>crvcr  throu[jlL  u  cL'titrul  upcrturo  ia  the  mirror, 
placed  oppoedte  Iho  evu  of  tbc  uhEervcr.  Thucu  mys  fruw  thu  fundus  ore  ren- 
deted  oonvetscnt  bj  tlie  medja  of  tlio  eye  itself,  luid  n  thiclt-cdged  Uus  placed 
Mftr  the  eye  ohaerred  eauHes  them  to  enter  the  eye  of  the  observer  as  if  tliey 
h*d  prooedtd  from  a  enlnr:ged  erect  Tirtunl  imnf^.  The  convergejit  lens  of 
Oalilro's  doublet  u  thus  rcpi^Jiented  by  the  cyi'  itwlf,  while  the  hiconcftvc 
leus  employed  mAkea  np  Che  pitir  of  1cii»l'». 

The  ophChalmoKCope  nuty  ilImi  be  used  in  nnch  b  way  ta  to  fpve  nn,  in- 
verted image,  not  so  niiRh  maf^niftud  lu  in  the  preceding  cAse,  but  more 
«XteD>ivt!  in  its  field,  bri]:;hter,  and  more  easy  of  attainment  A  beam  of 
light  n-'Heeled  from  the  mirror  conver^KS  upon  and  pauses  thmuyh  a  foctia; 
it  Iheu  divL-rvei'  "«  it*  way  tcwaiiiii  Ihn  eye,  but  encyuulent  il  Uun-tsiyed  lenii 
vrhirh  causen  it  rapidly  to  cohvlt^u  into  and  thru  to  pttn  through  a  focus 
within  the  eye,  and,  oTtvr  travcmng  this  tiKits,  to  illuniinalc  n  wide  aroa  of 
the  fundus  of  tlie  eye.  Li({ht  ^t.'Uting  bai^kwardii  from  a  hirge  area  of  tlie 
illunilDstcd  fundus  crosHea  within  the  eye  and  leaves  it  with  a  wide  diver- 
gence, but  18  collected  by  Ibe  biconcave  h:iw  before  mentinn^d,  and  pueea 
thi-ougli  the  fipr-Tture  in  the  mirror  into  the  eye  of  the  oh»ori"er,  who  then 
jM-rceivcB  an  invt-rlcil  and  mnpnificd  image  of  the  fundus  of  the  eye,— an  imago 
wbich  may  l)c  «lill  further  enlarged  by  meona  of  a  second  convcrgcnt-Uiia 
placed  belund  the  aperture  of  the  mirror. 


Visual  Percepi'ion. 

Tlie  retina  lb  not  a  uniform  surface,  but  ia  made  up  of 
dements  whoso  average  distance  from  one  another,  in  the 
yellow  spot,  is  about  '005  min.  Distant  points  whose  angular 
distance  ia  such  that  their  images  on  the  retina  are  less  than  '005 
mm.  from  one  anotlier,  fieem  to  blend  into  one,  and  thus  two  stars, 
whose  angular  distance  is  less  than  70'',  appear  to  the  eye  as  a 
single  star. 

The  stimulation  of  nerves  is  associated  with  cheraical  work  ia 
the  nerve-ends;  and  this  with  absorption.  In  tliis  respect  it  is 
interesting  to  find  that  the  retina,  which  ia  particularly  sensitive 
to  yellow  and  green  light,  absorbs  green  antl  yellow  light,  and  in 
white  light  appears  purple.  It  has  been  pointed  out  that  the 
blindness  of  the  eye  to  heat-waves  and  actinic  waves  ia  of  advan- 
tage :  for  the  enei:gy  of  heat-radiation  is  relatively  so  groat  that 
everything  would  appear  intensely  bright,  and  our  ordinary  vision 
of  objects  would  be  impossible  if  the  rays  of  dark  heat  were 
visible;  while  if  the  ultra-violet  rays  were  visible,  the  image  of' 
every  point  would  be  shrotided  in  a  haze  due  to  chromatic 
aberration. 
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It  is  now  the  received  view  that  each  element  of  the  eye 
which  is  broad  enough  to  perceive  white  light  consists  of  thiee 
ultimate  elements,  each  of  which  is  capable  of  perceiving  one  of 
three  phyaiologioiDy-primary  colours.  All  colour-perceptions, 
infinite  us  these  may  be  in  intensity  and  in  hue,  ore  due  to  the 
simultaneous  excitation  of  the  three  sets  of  nerve-ends  by  stimuli 
of  given  absolute  or  relative  amount.  As  to  what  the  physio- 
loj^ically-primftry  colours  are.  opinion  is  still  somewhat  divided  : 
reti,  green,  and  violet  (Young  and  Helmholtz) ;  vernulion,  emerald 
greeti,  and  artificial  ultramarine  blue  (Maxwell) ;  red^  green,  and 
blue  (Fick).  Any  three  such  colours  may  be  made  the  basis  of 
a  systematic  classification  of  coloura  When  orange  light,  mono- 
chromatic  or  compound,  affects  the  eye^  the  nerve-ends  sensitive 
to  red  are  alTccted ;  those  seusiti^■e  to  green  are  simultaneously 
affected^  but  less  so ;  while  those  sensitive  to  violet  are  very 
feebly  affected.  When  the  red  and  the  green  nerve-ends  (as  we 
may  call  them)  are  equally  affected,  the  resultant  impression  is  one 
of  yellow ;  red  Lgbt  and  green  light  together  make  yellow  lighU 
This  may  be  shown  by  several  methods  of  mixture  of  colours. 

1.  A  source  of  tight :  ■  pri>in  :  a  screen  upon  which  a  Epectruai  is  formed  : 
two  slite  ill  tbe  acreeu,  to  p]iLt:«d  as  to  admit  the  pawage  of  two  itelect«cl 
culours  of  the  specLriim  :  achromatic  lemee  behind  the  ecreeo  converge  tbe 
two  coknrcd  beams  towards  a  common  croaeing  point :  a  ftcreen  them  pUcod 
indicates  the  mixed  rolniir. 

S.  A  V»fihax^«fl  i-Ut  in  a  w«c-n  (ElelmholtJ!)  ;  a  prism  behind  this:  the 
two  Aiicctm  produced  overlap  ttuch  otimt  and  prodiu-4<  a  very  cxtenxive  scriu 
of  comb  in  ati  on- colours . 

3,  Bj-  Maxwell's  discs :  a  disc  of  red  and  one  of  grccn-painted  card- 
board :  each  disc  dlit  down  to  th«  centre,  and  cut  out  at  the  centre  so  aa  to 
be  fitted  upon  a  rotating  tuji :  the  one  di»c  being  slipped  through  the  other, 
the  relative  proportiutu  of  n^l  luiil  grveu  in  view  can  be  modified  at  will :  thv 
wholi:  is  rotated  at  eucU  a  mlu  that  Ibu  succewivL'  iuipreuioiu  of  tvd  imd 
gruen  uutur  thu  vyc  at  luut  from  twcnty-fivu  to  fifty  timui  fac  soeoud  :  each 
lucal  inipri^miiua  of  red  in  the  retina  h  etill  vivid  while  that  of  green  has 
already  commenced,  and  via  venti ;  thi<  c<dout8  blend  in  the  eye,  and  rarioiie 
fibadea  of  orange-red,  amnge,  yellow,  or  yr-llowiBh-grei!n  are  pnKbicj;d,  )iC:Cording 
to  the  relative  proportion  of  the  coloiint  ht«nded. 


Ked  and  yellow  make  orange ;  yellow  and  green,  yellowish 
green ;  green  and  blue,  a  bluish  green  ;  or  in  general,  colours 
near  one  another  in  the  spectrum  on  average  or  intermediate 
sensation.  Red  and  grr.cn  in  different  proportions  may  produce 
all  the  colours  of  the  spectrum  between  red  and  green  :  green  and 
violet  all  the  colours  between  green  and  the  violet  colour 
employed. 


516 


OF  KTlIER-WArBS. 


[chap. 


When  blue  aud  yellow  lighte  are  mixed  the  iiupre&eion  pro- 
duced on  the  eye  ia  that  of  a  white  liglit ;  blue  and  yellow  are 
complementary  colours.  Thia  is  contrary  to  the  general  iniproa- 
aion  tbat  yellow  and  blue  make  green :  when  yellow  and  blue 
pigments  are.  mixed,  the  yeUow  and  thfi  blue  lights  reflected  from 
the  mixture  destroy  one  another,  forming  white  light ;  and  the 
reaidual  green,  never  absent  from  the  purest  blue  or  yellow  pig- 
ment-retlected  light,  is  perceived,  somewhat  wanting  in  brightness, 
and  diluted  by  the  white  liglit  produced  by  the  complementary 
colours. 

The  jihcnomeDa  of  dmihlc  n-friLCtioii  enable  lu  to  produce  an  itidefinite 
□umber  of  pairs  of  complementary  coloum. 

Some  peculiarities  of  perception  of  colowr  arc  readily  ex- 
plicable on  this  theory  of  three  kinda  of  nerve-ends,  whicli  is  due 
to  Young.  A  spectrum  formed  by  light  travelling  from  a  waning 
source  is  found  to  modify  its  tints  as  the  light  fades ;  the  orange- 
red  aeema  to  become  more  purely  red,  the  yellow-green  more 
purely  green,  aud  so  on ;  at  length  the  faint  spcetnim  ia  approxi- 
mately restricted  to  red,  green,  and  violet,  or  violet-hluo ;  of  each 
tiiplet  nf  nerve-euflR,  one  13  feebly  stimulated  by  a  given  colour, 
the  other  two  are  inappreciably  so,  though  if  one  be  stimulated 
the  others  can  never  remain  wholly  unaftected. 

On  the  other  hand,  if  a  coloured  light  be  rendered  exceedingly 
bright,  the  otlier  nerve-euds  participate  in  the  excitement :  veiy 
kright  red  seems  somewhat  omu^e ;  violet  very  easily  passes  over 
into  whiteness  when  its  brilliancy  ia  excoesive. 

A  black  ooloor  ia  due  to  tte  al»eiii»  of  stimulatiDn  of  any  of  the  nerve- 
McIa;  and  between  bright  white  niid  Uuck  ihate  i»  a  gra/Ution  of  weak 
wUtes  which  arc  tuiUi:<l  grays,  Fuiiguu  uf  tiic  rctiuii  ciLUrtou  it  to  become 
iascnEible  to  t\  colour  long  looked  at :  when  whik  b'l^lit  is  Unen  looktd  at,  it 
ftppeoTft  of  a  hue  compltmtntary  to  the  colour  tin?  senst  for  which  has  been 
temporarily  exhaustL-d. 

Wbeti  eoine  of  tfae  iierve-<*ndit  of  the  n-tiiiii  iiro  ulimulateil,  tW  stiniula- 
lion  itpr*ad»  Ifi  Bomu  cU^grte  :  h  very  rwirmw  white-hot  win?  Hppvars,  especially 
ironi  a  liltlr.  iltMtnnre,  to  be  much  wider  thnn  it  really  is  ;  thin  pbenunwiion 
beiii^  nnmeit  Irradiation.  Ln  coQfequence  of  this  the  creeceot  moon 
appi^arn  larger  tfanDi  that  part  of  the  moon  which  in  illuotUiated  by  ligfat 
rtticcteil  from  the  earth;  anil  a  <;aiidte-  or  giu»-Hume  uppean  coDtiunous, 
though  its  inuaodesocat  particles  urn  by  uo  uimuu  tu  vuntact  wiUi  aiw 
another. 

Perception  of  Pornu^The  two  eyes  receive  images  of 
different  form ;  thesL-  hth  blended  by  a  mcntn!  operation  into  a 
compound  image,  which  education  has  taught  us  to  associate  with 
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the  distance  of  the  several  parts  of  the  object  This  "is  applied 
in  the  Stereoscope :  two  pictures  of  images  taken  from  different 
photographic  standpoints  are  formed,  one  in  each  eye,  and  the 
effect  is  that  of  outstanding  relief  This  may  be  exa^emted 
with  singular  effect  where  the  photographs  are  taken  from  stand- 
points situated  at  a  mutual  distance  of  several  feet :  mountain 
scenery  is  thus  brought  into  perspectiva  The  same  exaggerated 
effect  may  be  observed  when  a  landscape  is  looked  at  tlux}ugh  a 
pair  of  telescopes,  parallel  but  at  several  inches'  distance  from  one 
another,  the  light  traversing  each  being  brought  into  the  corre- 
sponding eye  by  an  arrangement  of  reflecting  prisms.  The  images 
in  the  two  eyes  may  often  differ  in  brightness :  when  this  is  the 
case,  there  is  a  struggle  between  the  two  fields  of  view,  which 
causes  the  impression  known  to  us  as  that  of  LnBtre ;  this  effect 
being  especially  well  marked  in  the  case  of  metals. 


CHAPTER   XVI. 

KLECTRIGITY    AND    MAGNETISM. 

ELECTBicrnr  and  M^netiBm  are  not  forms  of  Energy ;  neither  are 
they  forms  of  Matter. 

They  may  perhaps  be  provisionally  defined  as  properties  or 
Conditions  of  Matter;  but  whether  this  Matter  be  the  ordinary 
matter,  or  whether  it  be,  on  the  other  hand,  that  all-prerading 
Ether  by  which  ordinary  matter  is  everywhere  surrounded,  is  a 
question  which  has  been  under  discussion,  and  which  may  now 
be  fairly  held  to  be  settled  in  favour  of  the  latter  view. 

At  first  sight  it  would  appear  that  the  electricity  of  an 
electrified  body  is  a  condition  of  that  body  itself.  "When  a  small 
piece  of  resin  add  a  small  piece  of  glass  are  rubbed  together,  it 
is  found  that  after  they  are  pulled  asunder,  the  resin  and  the 
glass  are  in  such  a  condition  that  they  attract  one  another  with 
a  definite  and  measurable  force;  and  that  this  force  varies 
inversely  as  the  square  of  the  distance  between  them. 
This  attraction  across  an  intervening  space  is  by  some  held  to  be 
due  to  a  so-called  Mutual  Action  at  a  Distance ;  but  when  the 
bodies  are  pulled  away  from  one  another,  work  is  done  upon  them 
which  will  be  restored  when  they  are  allowed  to  approach  one 
another,  and  it  seems  probable  that  this  work  has  been  done  not 
upon  two  isolated  bodies  mutually  acting  at  a  distance,  but  upon 
a  system  which  consists  of  the  two  bodies  together  with  the  Ether 
between  them,  which  has  been  stressed  by  their  separation ;  the 
tendency  of  the  two  bodies  to  approach  one  another  is  the  elastic 
tendency  of  the  Ether  to  recover  its  original  condition ;  and  pheno- 
mena of  electric  attraction  and  repulsion  may  be  explained  as 
phenomena  of  Ether-streSB. 

Two  masses  of  resin  rubbed  on  glass  are  found  to  repel  one 
another ;  two  masses  of  glass  which  have  been  rubbed  with  resin 
also  repel  one  another;  in  other  words,  two  masses  in  a  similar 
electric  condition  generally  repel  one  another. 
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According  tn  the  nature,  the  size,  the  drytiess,  of  the  pieces  of 
material  exposed  to  nnitual  friction,  ard  according  to  some  other 
circii instances,  it  is  found  that  after  friction  and  separation  the 
force  of  mutual  attraction  or  rcputsion  of  two  electrified  bodies 
vanes.  One  body  may  thus  be  more  or  leas  highly  «lectrii]ed 
than  another ;  it  is  said  to  possess  or  be  charged  witli  a  greater 
or  a  lesti  quantity  of  electricity. 

When  two  electritii;d  bodies,  at  a  mutual  distance  of  one  centi- 
metixj,  attract  or  repel  one  another  with  a  force  which  balances 
one  dyne,  they  arc  each  said  to  be  charged  with  a  quantity  equal 
to  one  Absolute  or  C.G.S.  Klcctrostatic  Unit  of  Electricity.  If 
one  of  these  bodies,  charged  with  a  nnit  of  electricity,  bo  brought 
to  an  exact  centimetre's  distance  from  a  bo<ly  charge<l  with  an 
unlcnovm  quantity  of  electricity,  the  force  between  the  two 
electrified  bodies  maybe  mcaauTed  directly;  and  if  it  be  equal  to 
n  dynes,  the  body  tested  is  shown  to  hear  a  charge  of  n  units  of 
electricity.  Further,  if  a  body  bearing  in  units  be  brought  to  the 
same  distance  from  a  body  charged  with  n  units,  the  force  between 
them  will  be  equal  to  m.  x  n  =  7nn  dynes. 

A  piece  of  glass,  after  being  rubbed  with  resin,  is  said  to  bear 
a  charge  of  vitreous  electricity ;  the  resin,  on  the  other  hand,  is 
said  to  be  charged  with  resinous  electricity.  If  any  body  become 
electrified  in  any  way,  it  must  become  cither  vitreoualy  or  resin- 
ously  idi'ctrifled. 

Similarly-electrified  bodies  repel  one  another;  dissimilarly- 
electrified  bodies  attract  one  another;  these  statements  being, 
when  the  bodies  are  very  near  one  another,  subject  to  an  excep- 
tion hereafter  to  appear  (p.  535). 

When  B  jet  of  water  iuucx  from  a  uictalliv  noxsle  connecled  with  an 
elecLri'C  inachini.',  tbcparUcles  of  the  ie^uing  ELrvuiu,  biting  fitmUiLrly  oIectriitu<E, 
pwpfil  rnw  ftnothpr,  and  the  jflt  iw  broken  up  into  e-pray.  W])en  the  nosxlo 
has  a  capillary  oriflcL',  thit  siirfft'^e  ti'mUoii  at  the  aperture  is  overcomn  hy  the 
dectrifi  flclf-rcpulMott,  and  the  liquid  ia[iidly  iasaea  as  if  itd  vtAcoBity  Trcre 
greatly  diuinishcd. 

If  a  body  charged  with  resinous  electricity  and  one  equally 
charged  with  vitreous  be  brought  into  contact,  tlie  charges  of  both 
apparently  disappear  and  the  bodies  resume  a  neutoal  state. 
Vitreous  and  resinous  electricities  are  thus  found  to  bear  to  one 
another  the  same  relation  as  positive  and  negative  quantities  in 
algebra,  and  by  a  purely  arbitrary  convention  charges  of  viiretnts 
electiicity  are  said  to  be  positiTe,  and  rmnouji  negative. 

The  ahove  etutuQientd  an  couiprifed  withiu  thu  statement  that  if  /  be  the 
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forcp  of  rvpulfltoQ  Lvtwvcu  two  diargiis  of  electricity,  theec  charges  being 
m  units  in  oo«  bodj  and  m'  unite  id  another,  ant]  d  the  distancG  'between 

tliem,  /— i  -jf  ;  lUtd   if  our  iinit«   of  quaotit}-  he   so  choecn   thai  k  =  I, 

mm' 
f^~3r-     'f  ''*  "*''  ™'  '"^  ^'■^  poaitivG  or  hnth  negatire,  the  product  mm' 

u  potitiv«,  and  tbi?  Ktruts  is  vxpanmvc  or  reptilnve  ;  while,  if  one  o^f  the 
ch»rp«  be  Kunoiia  jinil  the  other  \-itreoKe,  ram'  ia  negative,  and  the  atreas  iij 
■uch  that  the  bodies  appear  to  attract  obc  onniher. 

Wlieii  an  electrified  body  presents  a  charge  of  m  uiiita  uni- 
formly distributed  over  a  superficial  area  of  s  b(|.  cm.,  ita  charge 

m 
per  sq.  cm.  is  -  =0*,  the  so-called  Superficial  Density  uf  the 

Klectric  Charge. 

If  the  distribution  be  not  unifonQ,  the  d^u^tjr  orer  any  minute  area  may 
bo  cxprcse»I  oa  the  ratio  of  the  charge  borne  by  that  area  to  the  area  itself. 

Tlie  deusily  of  a  cluu^e  may  be  increased  by  diminishing  the 
free  surfara  of  the  charged  coiiductor. 

A  piece  of  tinfoil  chargi:(l  jloiI  cunnuctcd  with  a  (tuld-teaf  electroscope  (p, 
537]  will  cAunc  a,  divergence  in  the  Icuvus  of  that  electmAcope^  which  in- 
creiosee  when  tlie  IJnfail  is  portly  railed  up.  Such  an  urranf^ment  ii  called 
a  Condenser. 

The  superficial  density  of  a  charge  borne  by  a  conductor 
Wf,  197.  varies  from  point  to  point,  according 

J>'  ,  V  to  the  form,  but  iudepeadently  of  the 

materia],  of  the  conductor.     Only  upon 
a  sphere  is  il  uniform, 

A  charge  bonic  by  on  cIlipMid  bssubub 
tlie  poiut«  a,b,c,d  (Fif^  197}  denaitiea  pirepoiwj 
tional  to  Oo,  Ot',  Oe',  OJ;  fcfi',  er  Iwing  tanganlai 
at  6,  e,  and  06',  Of'  at  ri^lit  angles  to  th«iii. 
The  donitity  at  the  extrennLlien   \n   limit   gn^tcr   t)inn    it   is  el*ewhere.     A. 
needle-point  ri'^embU*  tlie  <?xtrFinity  of  a  vury  i-kmgated  ellipsoid,  and  the 
deoBity  of  a  charge  borne  by  a  needle  tends  to  be  extremely  great  at  the  apex. 

A  body  cannot  bear  an  indefinite  charge  of  electricity;  if  the 
density  be  very  gi-eat  over  the  surface,  or  at  any  part  of  the  sur- 
face, of  a  conductor,  sparks  will  fly,  geuemlly  from  the  point  at 
which  the  density  is  greatest,  either  to  surrounding  objects,  or  into 
the  surroimding  air. 

When  a  body  is  charged  with  electricity,  there  is  always  an 
equal  charge  of  Uie  opposite  kind  of  electricity  somewhere ;  every 
distribution  of  electricity  has  a  complementary  distribution  of 
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an  eqaal  amount  of  electricity  of  the  opposite  kind.  In  the  case 
of  the  mutually-rubbed  pieces  of  glass  and  resin  previously  ad- 
verted to,  the  charges  borne  by  the  two  masses  are  equal  and 
opposite :  when  a  single  object,  electrized  by  friction,  stands 
within  a  room,  the  walls  of  the  room  are  over  their  whole  inner 
surface  oppositely  electrified,  and  bear  a  charge  numerically  equal 
to  that  of  the  electrified  body.  When  an  object  is  electrified  in 
the  open  air,  the  earth  itself  (together  with  the  heavenly  bodies) 
takes  up  an  equal  and  opposite  chaise ;  and  thus  the  algebraical 
sum  of  the  positive  and  negative  electricities  in  the 
universe  is  constantly  equal  to  zero. 

If  two  bodies  strongly  charged  with  opposite  electricities  be 
brought  sufficiently  near  one  another,  a  spark  will  pass  between 
them,  their  electricities  will  combine,  and  they  will  be  dis- 
charged and  return  to  the  neutral  state.  Sparks  will  pass,  as  a 
rule,  when  two  bodies  differing  greatly  in  their  electrical  condition 
are  brought  near  one  another. 

The  thickness  of  air  across  which  a  spark  can  leap  is  known  as  the 
striking  distance  in  air  ;  and  it  depends  in  general  upon  the  nature  of 
the  substance  through  which  the  spark  passes,  as  well  as,  in  particuhir  cases, 
upon  the  density  of  the  charges  at  the  points  from  which  the  sparks  leap. 
An  electric  spark  is  disruptive  in  its  e£Fect ;  it  heats  air  ;  it  produces  sound 
and  light ;  in  water  it  may  jar  the  liquid  and  shatter  the  coutaining  vessel ; 
it  can  pierce  glass,  and  will  scatter  but  not  ignite  gunpowder. 

For  many  purposes  of  calculation  it  is  convenient  to  feign  a 
distribution  of  positive  or  of  negative  imaginary  electric  matter 
in  the  place  where  the  electric  condition  manifests  itself.  For 
example :  a  metallic  sphere  or  hollow  globe,  when  electrified,  pre- 
sents no  electric  phenomena  within  its  substance  or  its  cavity;  its 
electrical  condition  is  manifest  at  its  surface  and  is  there  uniform; 
whence  it  may  be  imagined  that  a  uniform  film  of  electric  matter 
covers  or  coincides  with  the  surface  of  the  metallic  body,  and  this 
imaginary  film  attracts  or  repels  equally  imaginary  films  of  matter 
distributed  over  the  surfaces  of  neighbouring  electrified  bodies,  and 
does  so  with  forces  whose  amount  may  be  calculated  in  accordance 
with  the  propositions  of  the  section  on  Attraction,  p.  167. 

The  law  of  the  resultant  force  resembles  that  of  Gravitation. 
Eveiy  particle  of  this  imaginary  electric  matter  in  the  Universe 
repels  every  other  existent,  at  any  given  moment,  with  a  force 
proportional  to  the  masses,  and  varying  inversely  as  the  square  of 
the  distance  between  them. 
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From  this  fnmiu  the  fi>U(>wiii};propo«itioiu: — (L.)Aii  electrified  metallic 
iphere  acta  upon  all  external  electrified  particles  a«  if  its  cliar>;e  wcrw 
coacontrated  at  its  cstttre. 

Tb«  dennljT  of  ita  lurfocu  distribatjon,  o- =  cliarije -h  area  =  charge -i- 
4rr«. 

Ibi  attraction  for  or  n-puUioii  of  u  unit  of  i-leutricity  plnocd  just  outside 
It  h  equal  Co  iwtr ;  tliis  \a  F,  th&  Eoaultont  El^eotrlo  Force ;  and  the 
I'uHuItant  electric  force,  at  a  point  just  outaidean  electriltCMl  sphere  uvAr  which 
the  Jeti^ity  is  o*,  is  equal  to  4tnr. 

(S.)  Lik«  a.  Ii>il1n\r  nhell,  A  supcrRcifil  di^ttrihiUion  of  electricity  haa  no 
aetinn  npon  iiartlcW  within  it.  A  iii«tallic  c)iaiiilH.-r  of  any  form  may  be 
electrin«il  until  spttrkn  lly  from  Ha  outer  surface  ;  yet  no  electrical  «ffect  viU 
be  perceived  intemally.  This  is  the  strongest  proof  of  the  law  of  the  inverse 
square  that  can  be  imagined  :  no  otJier  law  of  attniLlion  can  result  in  a  force 
impercoptible  iotei-naUy, 

(3.)  Every  ck-muut  of  tbu  iiimgiuur>'  superficial  shell  or  tllm  itself  U  nib- 
j«t  to  repuldaa  finm  its  fcUowMjlcmeuta.  Tliis  r;pubion  umuunt.*.  per  unit 
of  ania,  to  Sirv^.  A  suBp-bubble  wh«:n  elccLritied  expands ;  tb^:  atmusphcrio 
prbjsure  is  rcaiHted  by  an  electric  self-repulmon  or  Tension  over  ttic  surlkcc, 
whoae  outwanl  reeultjint  is  equal  to  2iro^  dyne«  pt;r  m^.  centimetre.  A 
BOAp-bubblc  may  be  itlcctriflcJ  by  blowing  it  on  a  metallio  pipe,  and  connect- 
ing the  pipe  with  on  electric  machine. 

From  this  we  rauat  conclude  that  the  anrface  of  every  flcctrificd  body 
it  in  a  atate  of  expansive  tuns  inn,  and  that  the  film  of  air  in  contact  with 
it  is  subject  to  a  disruptive  t«nilciit;y,  which  varlfti*  o-i  the  square  of  the  snper- 
ficiul  denjiity. 

Wheu  a  body  is  very  H{»1ily  uharged,  the  air  in  its  imme- 
diate neighbourhoud  becomes  siiuiiarly  charged,  is  repelled,  and 
masses  of  it  are  torn  off  aiid  repelled  in  conataut  succession,  an 
electrical  wind  or  stream  of  electrified  air  being  produced. 

Sparks  fly  from  the  surface  of  a  charged  conductor  into  the 
surrounding  air,  when  the  density  becomes  so  great  that  the  abso- 
lute diminution  of  air  priu^sura  due  to  expansive  tension  is  about 
t}i),708  dynes  per  sq,  cm. 

Since  the  expansive  teusiou  p  =  2inr^,  and  the  Resultant  Force  just  oat- 

■ida  a  charged  conductor  is  F  =  4-ira;  it  follows  that  p  =  "ST-P^- 

If  an  electrized  body  be  *'  insulated  **  by  being  placed  on  a 
dry  glass  stand  within  a  room,  the  walls  of  the  room  are  oppo- 
sitely eltictrilied,  and  bear  a  complementary  charge  numerically 
e<l^xal  in  the  aggregate  to  the  chnrgo  of  the  insulated  body.  The 
space  comprised  between  the  electrified  body  and  the  oppositely- 
petrified  walls  of  the  room  is  a  Field  of  Force,  permeated  by 
tinea  of  Force  and  Equipotential  Surfaces.  Tlic  lines  of  force 
tmversing  such  a  field  quit  the  free  surface  of  the  insulated  body 
at  right  angles,  and  strike  tlie  walls  of  the  room  again  at  right 
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angles.  They  are,  in  general,  of  a  cun'ed  furm.  A  certain 
numter  of  hues  of  force  may  be  grouped  witliin  a  bundle  or 
Tube  of  Force,  whose  cross -sectional  area  increases  as  the  lines 
of  force  divergt!  from  one  another,  or  diniinislies  as  they  converge ; 
and  F,  the  resultant  force  on  a  unit  of  eloctric  quantity  placed 
,  within  any  sticIi  tnl)«,  must  vary  inversely  as  the  lonal  cross- 
aeutioiial  area  of  the  tube.  A  field  of  forcii  in  which  the  equi- 
potential  surfaces  are  equidistant  and  plane,  and  ihe  lines  of  force 
therefore  parallel  to  one  another,  ia  a  TTnifonn  Field  of  Force. 

Such  n  fi^ld  we  And  iu  the  ceQtrol  part  of  the  space  lietMcvn  two  pArallcl 
pbt«s  in.sulated  innn  cnu  another  and  brought  tu  ilifTiareiit  pottiiitialR. 

Ttie  conception  of  Potential  is  one  of  tlie  highest  importance 
iu  the  theory  of  Electricity. 

Tlie  Absolute  Electrical  Potential  at  a  poiut  is  a  mathe- 
matical e.xpressii.>ii,  pLUise-'ssing  a  Qutnerical  value:  it  measures 
the  tendency  which  the  existing  electric  forces  would  have  to 
drive  an  electrified  particle  away  from  or  to  prevent  its  approach 
to  the  point  in  question,  if  such  a  particle,  one  unit  in  quantity, 
were  situated  at  that  point  OT  'wero  hroaght  up  to  that  point ; 
and  it  is  nuincrically  equal  to  the  number  of  erga  of  work 
that  must  be  done  in  order  to  bring  a  positive  unit  of  elec- 
tricity from  a  region  where  there  13  absolutely  no  electric  foroe — 
i.e.,  from  a  region  at  an  infinite  distance  from  all  electrified 
bodies — up  to  the  point  in  question  ;  provided  always  that 
the  transfer  of  the  positive  unit  of  electricity  be  supposed  to 
have  no  eftect  whatsoever  upon  the  distribution  of  the  electricity 
of  other  bodies  in  the  neighbourhood  of  that  point. 

Difference  of  potential  between  two  points. — If  m  ergs  of 
work  must  be  dona  iu  order  to  remove  a  unit  of  oloctricity  from 
the  point  A  to  the  point  B  against  electric  repulsion,  then  the 
two  points  A  and  B  are  at  potentials  which,  considered  absolutely, 
may  be  unknown,  but  which  difier  numerically  by  m:  and  B  ia 
at  a  higher  potential  than  A  by  vt  units  of  potential. 

When  there  ia  a  difference  of  potentials  between  any  two 
points  in  apace,  a  body  hearing  a  charge  of  jiositive  electricity, 
and  placed  at  the  point  at  which  the  poteiitJal  is  greater,  is 
driven  towards  the  point  of  less  potential,  just  as  in  the 
corresponding  gravitation -problem,  a  mass  tends  to  fall  towards  a 
lower  level ;  and  if  free  to  move  it  will  follow  the  track  of  tlio 
lines  of  force,  tiavelliug  thus  from  each  equiiwtiiutiul  surface  U> 
the  next  one,  inHnitely  near  it,  by  the  shortest  ])ath.     The  path 
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between  the  two  points  is  not  necessarily  the  shortest,  for  the 
Une3  of  force  Bre  often  curved. 

A  positively -charged  particle  placed  in  a  region  of 
positive  potential  will  be  repelled  along  the  lines  of  force 
into  a  region  of  luss  or  of  icero  or  of  negative  fwtcntial :  a 
iiegativtily-charged  body  under  the  same  circumstances  traveU 
in  the  opposite  direction. 

The   menn   force  acting   upon  &  nnit-cliarge  of   electricity   within  an 
«1«ctrical  field  u  t^ual  to  tlie  i)iff«rvDce  butween  the  jwtent'i&la  fif  two  pointei 
withiD  ih%\  Held,  and  situated  at  a  aiDlunl  distance  of  oae  ccntimvtiv,  thi 
dixt&nce  being  mcasored  nJong  Lhc  lineB  of  force :  for  if  V,  and  T_  b« 
potentials  of  two  point*  whose  muliml  diotuice  is  *,  the  woric  done  in  mc 
u  uuit  of  clcc'ricity  front  the  jjoiut  of  lower  to  tlie  iwint  of  higher  potentii 
ifl  y,  -  V, ;  but  it  ie  al»o  equal  to  F»,  where  F  is  the  mean  force  nwiatii 
the  transfer ;  whence  Fs  =  V.  -  V„  anil  P  —  (V,  -  VJ  -i-  r     When  «  -  1 
cm.,  F  =  V,  -  v.. 

We  have  now  two  expreasionft  for  the  force  noting  npon  a  unit-cfc 
placed  within  a  fleU  of  force.  The«e  are  F  =  (V,  -  Vj  -  i  ufwhc 
within  the  field,  a  being  the  diitAnce  between  two  eqtiJpotentiAl 
who«  potential  diffcrB  by  (V,  -  V,) ;  and  F  =  4»rtr  neAr  the  mirfoce 
either  of  the  charged  conductors  whoM  aurfacea  bound  the  6e]d.  lu  a  nni- 
fonn  ii«ld  the  jioleitti&]  (liminixbefl  equably,  and  F  is  constant  tliroughont 
tli«  fiRld.  Ill  ii  iKiD-iiitirunii  [ifl<l  the  force,  which  lit  the  smaller  boundin]^ 
Hurfiwv  if  ■itrtr,  dittiiiiishei'  m  A,  the  local  crow-section: d  area  of  any  tubi; 
of  furtx',  iucn;a£eB  (for  F  x  A  —  conat.) ;  hut  tho  divieur  lu  the  other 
ezpretuoa- — t,  the  dintancc  between  aucceaaive  equipotential  eur 
inenues  in  the  sjime  proportion :  thus  at  any  p<Hiit  Uie  local  force  F, 
*Ttr  V,  -  V, 
A    "        •        ' 

The  local  force  may  alau  be  deOnect  an  the  reciprocal  of  the  diataac 
(mcoEurud  along  the  lisee  of  furoe)  between  two  surfaces  wboac  pot«Btia 
diff.-rH   by   unitv;    fop    F  =  (V   -  V  ) -i- 1 ;    but    when    (V,  -   \\)  =   », 

F  =  l. 

M 

Since  under  the  law  of  inverse  kquarcc  the  potential  dne  to  repelling 

nuuis  Q  at  distance  r  ta  ^  and  ut  iHeloncc  r'  is  --,  the  liifrL-rvnce  of  pot 

at  pointa  situated  at  distancvs  r  ani  r'  respectively  from  the  repvllinf;  inaBS ' 

<^  i«  f  !*  -  ^  J  =  y  i_^_J :  and  since  the  difference  of  potentials  of  any 

two  e4|iiipotvntial  mrAices  is  nnmericolly  equal  to  the  work  done  in  transfer- 
ring  n  unit-cbnn;^  from  the  surface  of  lower  V}  the  nirfaoe  of  higher  potential, 
it  follows  that  the  work  done  by  or  on  a  unil-cb;itvo,  on  ibi  niuviug  or  Iwing^ 

movod  from  distance  r  to  distouoc  r*  from  a  charge  Q,  ib  -  '    ~.  /  ■ 

fT 

If  a  body  charged  with  electricity  be  not  free  itself  to 
along  the  lines  of  force,  we  find  this  most  remarkable  phenomenon 
— that  in  a  lield  of  force,  the  points  of  which  corresponding  to 


xvt] 


CITBRENT. 


5S5 


F 


the  extremities  of  the  body  are  at  diflcrent  potRQtia1».  the 
electrical  condition  of  tliR  body  tends  t«  travel :  one  asyicot  of  the 
charged  boily— lliat,  namely,  which  looks  towai-da  the  direction 
in  which  the  charged  Ivody  would  itself  travel  if  it  were  &ee  to 
do  30— tends  to  become  more  strongly  charged  or  to  acquire  a 
greater  deusity,  while  the  other  aspect  tends  to  become  less 
strongly,  or,  it  may  be,  even  oppositely  charged.  This  redistribu- 
tion of  the  electric  charge,  if  it  take  place,  has  the  effect  of 
equalising  the  potential  throughout  the  body  placed  within  the 
field  of  force.  Tlie  new  distribution  once  assumed  is  permanent 
so  long  as  the  field  of  force  which  immediately  svirrotmda  the 
body,  and  which  tends  to  determine  a  difference  of  potential 
between  its  opposite  aspects,  remains  unchanged ;  but  wliile 
that  distribution  is  being  assumed  we  have  a  brief  Current  of 
electricity. 

A  difference  of  potential,  in  whatever  way  it  may  be 
set  up  within  a  body,  produces  a  tendency  to  prompt  equalis- 
ation of  potential  throughout  that  body,  and  thus  to  the  estab- 
lishmentofa  momentary  current  of  Klectricity ;  apermanent 
ditrerencc  of  potential,  in  whatever  way  kept  up,  tends  to  produce 
a  continuous  current. 

A  Itglitnii)^  conductor  in  the  aeat  of  a  continuous  current  so  long  u  tiie 
enril)  ut  iU  Iul-w  luiil  the  air  at  iU  apex  an  &t  different  potential!. 

Difference  of  potential  is  analogous  to  difTerenoe  of  level  or 
Head  of  Water  in  hydmulics  ;  and  when  it  determines  a  flow 
of  electricity,  it  is  often  called  electromotive  force  or  E.M.F. 
— a  tenn  which  might  with  advantage  be  abandoned,  and  instead 
of  which  wo  shall  use  tlie  phrase  electromotive  difference 
of  potential  or  E.M.D.r.  In  place  of  this  phrase  the  reader 
who  has  any  reason  for  doing  so  will  easily  read  the  words 
electromotive  force,  the  objection  to  wliich  is  sim^jiy  that  a 
difiference  of  potentiiU,  like  a  diflereuce  of  water-level,  is  not 
itself  a  force,  and  does  not  even  completely  specify  the  foreo 
which  determines  an  electric  flow:  to  determine  this  the  form  and 
the  dimensions  of  the  electric  conductor  must  bo  known,  as  well 
as  the  difrercnco  of  electric  potential  between  its  oxtrtimities,  just 
as  tlie  dimensions  of  a  water-ppe  must  he  known,  as  well  as  the 
available  head  of  water,  liefore  we  can  calculate  the  local  falls  of 
pressure  ami  tlie  forces  producing  How. 

If  two  bodies  be  at  diHereut  potentials,  when  they  are  con- 
nected by  a  metallic  wire,  the  charge  over  them  will  be  readjusted 
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by  a  momentary  current  tlxrough  tlie  wire,  aod  they  will  come  to 
Ibe  saniti  potential 

Two  bullies  ore  said  to  be  at  the  same  potential  whea  elec- 
tricity bos  no  tcadency  to  travel  from  oae  to  the  otiier,  even 
though  they  be  brought  into  communication  by  a  metallic  wire. 

The  earUt  itself  is  arbitrarily  assumed  to  be  at  aero 
potential :  and  bodies  in  such  a  condition  that,  when  tliey  are 
placed  in  contact  or  in  metallic  comiiumicatinn  with  the  earth, 
their  dectric  condition  is  unaltenMl,  have  a  potential  whose  value 
is  equal  to  this  tirbitrary  zero. 

The  arbitrary  or  conventional  potential — or,  briefly,  The 
Potential  of  a  point  in  an  electric  field  of  force — is,  numerically, 
the  number  of  ergs  of  work  necessary  to  bring  a  unit  of  electricity 
up  to  the  point  in  question  from  a  re^on  of  nominal  zero-potential 
— i.e.,  from  the  surface  of  the  earth. 

Between  a  positively-charged  body  within  a  room  and.  the* 
negatively-charged  wall  of  the  room  there  must  lie,  in  the  inter- 
vening iidil  of  force,  one  equipotcntiol  surface  which  has  a  Zero 
Potentinl,  its  potential  being  the  same  as  that  of  the  earth  outside 
the  room.  Witliin  this  equipotential  closed  surface  there  ia  a 
region  of  Positive  Potential ;  exterior  to  it  there  is  a  region  uf 
Negative  Potential.  The  potential  of  the  inner  region  is  greatest  j 
at  the  surface  of  the  electrified  body  ;  the  potential  in  the  negative 
region  is  most  negative  on  the  surface  of  the  walls. 

The  piitcDtiol  caniifit  \x  u  maiimiiiu  or  a  ininiinum  al  uny  point  witliin 
a  field  of  force  if  that  point  bu  not  upon  the  Hurfm;*!  (if  on«  of  the  cuuducton 
whoBe  snrfac^j)  btiund  the  fieli]. 

Gouductors  and  Non-condnctorg. — In  the  familiar  case  of 
a  lightning-conductor  we  see  a  marked  distinction  between  the 
CQuductive  copper  in  which  a  continuous  current  of  electricity 
lu  flow,  and  the  air  or  an  unprotected  building  which  can  only 
]e  traversed  by  a  disruptive  discharge.     A  conductor  is,  when  a| 
charge  is  borne   by  it  and   retaitied  by  it  in  eiinilibrium,  a  sub- 
stance throughout  the  whole  volume  and  over  the  whole  surface  I 
of  which  the  potential  is  uniform ;  while  if  inequalities  of  jwtea* 
tial  were  set  up  within  it,  the  conducting  material  of  a  perfect 
conductor  would  offer  no  resistance  to  the  readjustment  of  poten-| 
tial    by   means   of  a   current.      A   perfect    non-conductor    or, 
dielectric  would,  on  the  other  hand,  be  a  substance  the  different' 
jmrts  of  which  may,  after  an  electric  distnrlmnce,  remain,  without 
any  process  of  readjustment  and  for  an  indefinite  period  of  time,. 
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COSDUCTORS  AXD  NON-CONDtrCTOM. 


at  potentials  diiFering  to  any  extent  There  are  no  bodies  which 
are  absolute  non-conductora ;  all  conduct  electricity  more  or  less 
slowly.  There  are  no  bodies  whicli  are  perfect  condnctora  :  all 
offer  more  or  lesa  resistance  to  the  flow  of  electricity.  Bodies 
whicli  conduct  extremely  badly  Jiro  called  Non-couductora  or 
insxUators :  bodies  which  offer  comparatively  small  resistance  to 
the  passage  of  electricity  through  them  arc  in  practice  called 
Conductors. 

Wlicn  a  charj^ed  body  is  placed  upon  an  insulator,  such  as 
ebonite,  guttaperelia,  indiarubbcr,  dry  glass,  sealing-wax,  it  is  said 
to  be  inaulated;  itw  potential  cjinnot  become  equal  to  that  of  the 
earth  fnr  ;i  long  period  of  time;  it  is  eaid  to  retain  its  charge 
for  a  long  period. 

Dry  culil  iiir  is  una  of  tlic  lusL  iueulutor* :  liiL  eveu  witliin  dry  cold  air 
bodies  charv^-i  witb  wkctricity  gnwliuiUy  lusc  their  clmraw  ;  ii  piutkl  vacuum 
is  a  good  cuiiLlu<:U)r  ;  a  good  vacuuta  is  ogtun  a  guud  IiiisulaUir.  Ice  msulutcv, 
water  ie  a  1>ii<!  couduclor  ;  obsidians  and  lavas  inaulatu  wheo  bot ;  glius  whvu 
dry  is  an  insulator,  but  when  very  hot  is  a  conciucLor.  A  body  chnj^'t-d  aud 
BUpporU'd  ujKiii  n  dry-gliuw  ateiii  within  n  vacuum  or  a  very  dry  cold  aUaoe- 
pben  wilt  reuiiii  ila  charge  for  a  very  long  pt-riod. 

The  phenomena  of  electricity  present  themselves  within  a 

conductor  only  while  a  current  is  actually  passing  through  it ;  for 
then  only  are  there  any  differences  of  potential  within  the  con- 
ductor. At  other  times — that  is,  when  there  is  no  current,  hut  a 
more  or  Ib-sb  peniianent  condition  of  Statical  Etiuilibrium  of  the 
charge — electrical  phenomena  are  restricted  to  the  Field  of  Forw- 
— that  is,  to  the  non-conductor  or  Dielectric  l>etween  two  com- 
plementary charges ;  for  within  non  -  conductors  alone,  not  in 
conductors,  can  any  electrical  streaa  or  difference  of  potential,  per- 
manently or  for  any  length  of  time,  be  maintained. 

If  the  air  had  l>eca  as  good  a  conductor  ae  cupi>cr  wc  wuuld  ptotwl^ly 
acver  have  known  luiylhinK  about  eloi-tridty,  for  our  attention  woiUd  never 
haw  been  directed  to  any  electrical  plkenoiiieuiL 

Phenomena  of  electricity  in  a  state  of  equilibrium,  associated 
with  more  or  less  jienitanent  differences  of  potential  and  evincetl 
within  a  dielectric,  are  said  to  be  Electrostatic;  those  evinced 
in  a  conductor  during  adjustment  of  the  electric  potential  by  the 
passage  of  a  current  arc  said  to  be  Electrokinetic 

If  electrostatic  phenomena  he  due  to  streaaca  in  the  ether, 
electrokinetic  ore  due  to  movement's  of  the  same  ;  and  a  nmment- 
nry  current  of  electricity  in  a  copper  wire  is  a  throb  due  to  release 
from  stress  of  tliat  part  of  the  all-pervading  ether  which  pervades 
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that  wire — a  tbrob  wliiuli  is  propagated  not  without  iufluenc^  as 
we  shall  see,  upon  tlic  ether  external  to  the  wira 

"  Free  "  and  "  Bound  "  Chaises. — A  Jiatiiiction  ia  frequently 
madfi  between  a  free  and  a  bound  charge  of  electricity.  The 
former  is  understood  to  be  a  charge  borne  by  an  insulated  body, 
ami  independent  of  surrounding  objects,  while  the  latter  is  such  a 
charge  as  is  held  in  position  by  the  presence  and  attraction  of  a 
charge  of  the  opposite  character  upon  a  neighbouring  body.  In 
truth,  however,  all  charges  are  bound  charges ;  the  coniplomentary 
distribution  must  he  somewhere ;  the  field  of  force  may  be  great 
or  small,  but  it  must  have  its  limits.  It  may  be  small,  as  when 
a  littk*  electrified  body  ia  suspendml  within  a  metal  flask ;  it  may 
be  great,  like  the  field  of  force  between  a  thundercloud  and  the 
earth :  in  llie  former  case  the  complementary  charge  is  distributed 
over  the  inner  surface  of  the  llosk ;  in  the  latter  it  travels  about, 
and  is  at  its  densest  upon  the  surface  of  the  earth  beneath  the 
travelling  thundercloud,  or  else  upon  adjacent  cloiids.  Even  when 
an  olectritiod  body  is  phiceil  at  an  extremely  great  distance  from 
all  surrounding  objects,  iC  cannot  bo  heW  to  have  a  free  charge,  for 
its  charge  is  hmiiid  by  the  complementary  distribution  upon  the 
far-<ii9tant  objects;  and  a  particle  isolated  in.  otherwise  vacuous 
infinite  space,  if  such  a  thing  were  i>08sible,  uoulU  not  be  charged 
with  electricity  at  all,  for  the  complementary  cljarge  could,  in  such 
a  case,  have  no  locus. 

If  tlie  ether  be  stretclied  or  compressed,  it  must  be  stretched  or 
compressed  between  at  least  two  points,  which  may  be  near  or  far 
from  one  another.  Bearing  this  in  mind,  however,  it  is  undoubt- 
edly convenient  in  many  respects  to  pci-mit  ourselves  the  use  of 
such  expressions  as  "  a  body  freely  charged  with  711  units  of  +  elec- 
tricity," and  in  so  doing  to  omit,  pmviaionally,  all  consideration  of 
the  complementary  charge,  which  is  supposed  sufficiently  distant. 

Division  of  Charge. — When  a  conductor  charged  with  elec- 
tricity is  brought  into  contact  with  another  at  a  different  potential, 
the  electric  potentials  of  the  two  conductors  become  equalised  ; 
and  if  the  two  bodies  be  of  the  same  form,  size,  temperature,  and 
chemical  nature,  and  if  they  be  symmetrically  arranged,  they  will, 
after  separation,  each  bear  a  charge  equal  to  one-half  of  the  alge- 
braical sum  of  the  original  charges  of  the  two  bodies. 

This  chaoj^u  ut  clttitribulioi)  iuvulvtjt  a  rcadjiLMLnient  dT  tin-  lines  of  fone 
and  of  the  BquipoLuiitial  surfaces  tliruugliuut  the  surruiiudin^  diulMtric,  and 
an  alteration  of  the  itbtribution  of  the  compleiiw-'nlary  char^o  over  ilK  opiHuitc 
bouTi'dary. 
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When  tlie  l>fMlies  are  unequal  in  size,  etc.  or  ore  unaymmetric- 
ally  arranged,  the  division  of  the  charge  between  thera  is  not 
equal  Two  similar  but  unequal  spheres  are  found,  after  being 
bronght  into  communication  by  a  long  thin  wire,  which  is  then 
removed,  to  bear  cliargea  proportioned  to  their  radii. 

Oapacily. — When  a  conductor  has  a  charge  of  electricity  im- 
parted to  it,  the  poteutial  o£  its  surface  and  of  its  whole  volume  iB 
raised,  positively  or  negatively  (ic.  lowered),  as  the  case  may  be. 
When  an  insulated  body  req^uires  a  charge  of  C  units  of  electricity 
to  be  imparted  to  it  in  order  to  raise  its  potential  by  one  unit — 
that  is,  from  zero  to  unity,  or  from  V  to  V+  1 — it  is  said  to  have 
a  Capacity  of  C  units.  When  a  body  whose  capacity  is  C  has 
its  potential  raised  by  the  amount  V,  the  Charge  of  elec- 
tricity imparted  to  the  conductor  is  ctiual  to  VC  units. 

When  K  "eries  of  conducton*— wlio»p  i-a[)aciti(«  ari;  C_,  (J„,  C„^  etc.  And 
wlitch  are  charged  to  potentials  V^,  V,_,  V_^,,  etc.,  »o  thnt  tbuir  eevcia]  ctiugea 
lire  respectively  C,V,,  C„V__,  C,„V,.,  etc — are  conneclwl  by  wiRi,  It*  potential 
thereupon  aasuiiitM]  by  the  whole  sysbem  in  equal  to — 

The  whole  cIiargG       V.C.  -f  V„C„  +  Y^,C^  ■  . .     £VC 

': "2a* 


The  whole  capacity 


c.  +     c„  + 


Tlie  capacity  of  »  conductor  is  the  same  whether  it  bo  solid  or 
hollow:  the  merest  film  of  gold  leaf  supixjited  ou  a  wooden  hall 
has  as  great  a  capacity  as  a  solid  metallic  sphere. 

Electrostatic  stress  can  only  exist  within  the  field  of  force,  the  dielectric, 
wliich  in  limited  hy  the  mirfnre  nf  the  mndiictor ;  bentath  this  surface  it  is 
a  matter  of  iniiiffercncc  what  the  metallic  thicknOM  may  he,  hintx  within  a 
condactO'r  thcro  can  be  uu  permimcnt  difference  nf  potential,  no  pemuuient 
electrostatiiT  »trce4. 

The  Work  spent  in  charging  a  conductor  is  equal  to  half  the 
product  of  Q,  the  Charge  imparted  to  it,  into  V,  the  Itise  of  Poten- 
tial produced  in  it 

To  bring  a  qnontity,  Q,  of  electricity  from  u  place  of  zero  potential  to  a  plncc 
of    constant    potential, 
V,  involve*  the  expemli- 
tnre  of  QV  umt«  of  wDrk, 
by  our  di'fiiiitioii  of  Potcn-  nr.iM. 

tinl.  To  brin^  u  chnr)^  Q 
hj  «uceeMi%-e  instalmentti 
into  a  region  whoee  pot«n- 
tiol  is  at  first  zero,  but 
steadily  mes  m  the  suc- 

CCSaliVt!  iUfitahUL'Utl<  Brrive,    i"     '     '     '     *    '     '     '     Quant it^ 
work  muat  he  iaua  which 

is  »]ual  to  half  the  proituct  of  the  final  rise  of  potcutiul  into  the  whule 
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charge  bmnKlit  iip.  In  Fi^  198  th«  small  rtctangles  npresent  the  work 
done  in  Imngiug  oacli  eucce«iTc  JDBtnlmfiDt  up  to  the  coirespondinf*  poten- 
tial ;  these  rcctanglL-«  uimfow,  and  their  bodj,  which  nrpresenla  tlic  total 
work  done  in  bringing  op  the  whole  charge  OQ  to  the  fina!  potential 
OP,  U  represented  by  the  triangle  OQP,  whost^  ai-ea  =  JOQ  x  OP  ■=  ^ 
whole  tLTianlity  x  final  riw  of  potential  =  j  QV. 

The  work  done  in  charging  a  conductor  13  equal  to  the  elec- 
trical energy  stored  up  in  that  conductor ;  and  since  this  is  ecinal 
to  ^QV,  wc  see  that  the  energy  nf  an  ftlectrificd  body  depends  not 
only  upon  the  quantity  of  electricity  borne  by  that  body,  but 
also  npfjn  the  potential ;  just  as  the  potential  energy  of  a  mill- 
pond  depends  not  only  upon  the  quantity  of  water  contained  in  it. 
hut  aUo  upon  the  average  elevRtion  of  that  water  above  surround- 
ing objects.  For  which  reason  a  mere  quantity  of  Electricity  is 
not  a  quantity  of  Kucrgy,  and  Electricity  is  not  a  form  of  Energ\'. 

The  i;nerny  of  a  cLarp^d  cod  Juetor  is  miiiuntred  by  j  QV ;  Imt  ihiB  is  equal 
(BiiicG  Q  =  CV,  where  C  ia  the  ciLpitcity  of  the  conductor)  to  JCV^  or  to 

*  C 

Tlie  enetxy  of  &  syitein  of  connected  conductor*  in  equal  to  i  V.  EC,  or  to 
J<P  ~  XO,  where  £0  is  the  aggregate  cspuvity  of  the  whole  vystetii. 

Suppose  now  that  two  comltiL'tors,  of  which  the  on«  is  charged  to  polcntuil 
V,  while  the  cithur  i^  ut  i&eru  jrult^utJul,  odiI  of  which  the  reBpcctivc  capacities 
&re  C,  and  C„,  arc  pUuxd  in  metallic  communicatinn  ;  on  contact  they  form 
a  joint  conductor  whoae  capacity  is  (0,  +  C„).     The  energy  of  Che  single 

ehaiged  conductor  woa  5-r-5  t*">tof  ^oth  taken  together  is  J  _-t__  a 
smaller  quantity.    Therein  therefore  an  apparent  Loss  of  Energy  cqnal  to 

i  c:  -  5  (^irc„  =  ic:;7(cf-rcj  "•'  0;  Vc:,  "^  ^'  *""^  **'  ^« 

original  charge.  If  C,  =  C„,  half  the  energy  of  the  charged  conductor  is 
apparently  loat  l>y  partial  discharge. 

Wherever  there  ia  a  readjustment  of  electricity  ia  the  form  of 
«  running-down  of  electricity  frum  a  place  of  liigU  potential  lo  a 
place  of  low  potential,  there  is  a  loss  of  energy  of  electrification, 
just  as  when  a  fiUl  pond  is  allowed  partly  to  dischaige  itself  into 
an  empty  one,  the  average  level  of  the  wliolc  is  lowered,  and  the 
energy  of  position  partly  disappears,  to  reappear  in  the  form  of 
heat.  In  general,  where  electrified  conductors  are  connected  by 
metallic  wires,  if  there  be  a  current,  the  potential  energy  of  the  sys- 
tem sinks  to  a  minimum ;  beat  and — if  a  spark  pass — light,  sound, 
and  mechauical  effect  being  produced.  Where  the  components  of  an 
electrified  and  insulated  system  are  allowed  to  approach  or  to  recede 
from,  one  another  in  obedience  t«  the  electric  forces,  the  energy  of 
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electrification  bceomea  id  part  converted  into  mocliimical  work, 
and  therefore  folk  in  amount;  while  if  they  tc  pulled  asunder  or 
made  to  approach  against  the  electric  forces^  the  mechanical  work 
done  Mpon  the  insulated  system  from  without  is  converted  into 
the  eneryy  of  a  higher  electrificatiou. 

Inductiou. — When  an  electrified  body,  or  a  number  of  such 
bodies,  is  placed  mtliin  a  hollow  metallic -shell  (Fig.  199)  with 
which  there  is  uu  communication  except 
through  nou-coiiductors,  the  shell  becumes  *■'•■'••. 
charged  by  luduciion  across  tlm  intervening 
dielectric.  If  the  bodies  placed  wilhin  the 
ahell  be  positively  charged,  the  inner  surface 
of  the  shell  becomes  negatively,  the  outer 
surface  positively,  electrified.  The  opposite 
charge  thus  induced  on  the  inner  surface  of 
the  shell,  the  similar  charge  induced  upon  its 
outer  surface,  and  the  original  inducing  charge 
on  the  internally-suspended  ayatem.  are  all  equal  in  amount,  if 
the  shell  completely  or  even  if  it  very  largely  surround  the  elec- 
trified body  8Uflpende<l  within  it  Thus  the  positive  and  the 
negative  charges  called  into  existence  by  Induction  are  together 
algebraically  eq^unl  to  zero. 

The  distribution  of  the  iu'iUiced  charge  ou  the  interior  surface 
of  a  compltituly-surrijunding  shell  is  such  that  ou  external  points 
it  produces  an  elTcct  equal  and  opposite  to  that  of  Uie  interior 
insulated  charge  ;  the  two  inner  charj;es  therefore  produce  together 
no  effect  upon  external  bodies,  and  the  induced  charge  on  the  outer 
Burface  is  the  only  charge  which  can  affect  particles  situated  in 
the  outer  air.  The  two  interior  charges  are  bound  to  each  other, 
for  they  are  of  opposite  character,  and  there  is  a  field  of  force 
between  them;  the  outer  cliarge  is  said  to  he  free. 

The  difltribution  of  electricity  over  the   inner  aad    outer  BUrilaces  of 
the  bIicU  is,  if  the  shell  bu  spberital,  governed  by  the  pir.an. 

law    that   the   hujierticial   dt-iutity  <r  ut   any    |Miiit   E   is 

(CE-"  -  CM'O       ii  .         «   -      ^ 

"  ™    d T^  *  TkTFS '   ''^'hc™  C  u  the   ffiometiuau 

centra  of  the  BheU,  and  M  the  point  at  which  tht-  charge 
Q  ifi  situated.  Such  being  the  law  of  diBtribuiioD,  the 
inner  charpc  Q  at  M,  and  the  opposite  charge  -  Q  on  the 
inrfaoe  (the  imw^r  iturfjioe  of  tins  »hf.ll),  pnj<lucc  togetlier 
no  effect  on  aurrouudiug  particlt-s. 

If  the  outer  surface  of  the  shell  be  uouuecled  with  the  surface 
of  the  earth,  the  shell  and  the  earth  heconie  one  extended  con- 
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ducUir,  awl  the  positive  charge  on  the  outer  surface  of  the  shell 
JB  repcilletl  to  the  uiost  distant  region  of  the  eartli's  airface ;  it 
now  blends  with  auJ  injiitralifieH  the  negative  charge  previously 
borne  by  the  earth  in  consequence  of  the  original  positive  electri- 
fication of  the  inducing  body.  As  a  result  of  this  we  have, 
within  the  shell,  a  purely  local  field  of  force  restricted  to  the 
space  between  the  internally-suspended  body  and  the  interior 
•urfitce  of  the  shell,  and  giving  rise  to  no  phenomena  outside  that 
eavity. 

If,  on  tlie  other  hand,  the  insulated  body  within  be  made  to 
touch  the  enveloping  shell,  the  internal  field  of  force  will  be 
destroyed ;  but  the  outer  induced  charge  will  remain,  distributed 
over  the  outer  surface  of  the  shelL 

Two  oppositely-charged  conducting  surfaces  thus  scpamted  by 
a  dicleetrie  or  limited  field  of  force  constitute  on  Acciunulator, 
or,  as  it  is  often  termed,  a  Condenser.  The  capacity  of  an 
accumulator  is  greater  than  that  of  either  or  both  of  the  con- 
ducting siirfactiB  of  which  it  is  made  up. 

Siippoiw  an  accumiilntoT  U>  be  made  up  of  on  inner  conducting  sphere 

(solid  or  hollow)  of  radiu*  R,  titid,  concentric  with  the  aphcpe,  on  outer  shell 

wlioR)  inner  pphcrical  Burfac*;  has  a  radius  r.     Let  the  inner  electrifieJ  ephem 

bear  a  diarge  Q  ;  tLiB  eliar^  act*  a»  if  it  were  conwutnited  iit  thv  centre  and 

Q 

producea  « ]wt«ntial,  "V"  =  -jr ,  which  ia  the  same  throughont  and  orer  the  sur- 
fikoc  of  the  inner  sphere.     Similarly,  the  pcitcntial  at  any  point  witliiu  tliu 

outer  ahtjll,  due  to  Ihe  charge  -  Q  upon  ito  iunt-r  siir(ac(?  ia  -  — •    '^^^  out«r 

eurfocB  or  ihe  b1i4.-U  may  ur  iiiu.\  nut  have  a  free  dinri-B.  In  anjr  cose,  thr 
potential  of  the  joint  srsteni  in  tlit;  i^xceea  of  ita  int^-mol  over  its  cxtem&l 
potential.  If  there  lie  no  charge  on  the  external  flurfnc*,  the  external  poten- 
tial is  zero.    The  total  intcmal-potential  i»  tlien  simply  the  aum  of  llic  Mivend 


potcntinls  +  ^  and  — ^-    This  tarn  ia  equal  to  Q 


Rr 


The  Ca-pbdij  of 


the  accumulator  in  QuauLity  -f  Potunlial  =  Q"^{'^(~^     Jf'^'* ^  t 

tins  is  ip-eati^r  than  thu  capacities  of  either  of  the  two  component  Bpher- 
ical-BarfiLUiH,    these   capAcitica  being    resjiectively  R  and  r;   fur  cupadty 

charge  Q  Q 

*"  potential  "^"^"R  "  ^ 'of ''»'' »P*'««r  """i  y  ^  ^  =  r  fur  the  Bliull. 

The  amaller  the  diffewncu  hctwwu  t  and  R^tlmt  ia,  the  thinner  the 
dielectric  hctwceu  tin;  twu  umUUlic  Burface*— the  greater  Uthe  capacity 
of  the  accuniulatffr,  hikJ  corri^^jKindi ngly,  the  len  will  be  the  potential  to 
which  a  given  charge  will  raise  it 

The  nature  of  the  dielectric  between  the  plates  of  the  ac- 
cumulator lA  not  a  matter  of  indifference.     It  is  found — and  thia 
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proves  that  in  the  phenomena  of  islectric  attraction  the  dielectric 
plays  an  important  part— that  the  capacity  of  an  necmnulator 
varies  with  the  nature  of  the  interposed  dielectric,  and  ia  propor- 
tional to  a  constant  special  to  each  substance,  and  called  the 
Specific  Indnctive  Capacity  of  that  subitance.  A  thickness  of 
3*2  mm.  of  sulphur  is  llni3  eijuivalcnt  as  a  dielectric  to  a  thickness 
of  1  mm.  of  air,  and  th«  sp,  ind.  cap.  of  air  being  taten  as  a 
standard  and  e<iual  to  unity,  that  of  sulphur  is  32.  Sometimes 
the  sp.  ind.  cap.  of  a  vacuum,  which  differs  very  little  from  that 
of  air,  is  taken  as  unity,  in  which  ca.se  the  dielectric  is  the  ether 
it«el£  All  gases  have  the  same  inductive  capacity  whatever 
their  temperature  or  dtiusity.  If  their  pressure  he  raised,  tlieir 
Bp.  iud.  cap.  ia  alau  increased  proportionately ;  and  conversely, 
when  a  gas  is  employed  as  a  dielectric,  charging  the  plates 
diminishes  its  pressure. 

If  «  givea  uliuriju  will  raise  uii  acciunutator  in  wliicli  air  is  the  iliclcctric 

to  a  potential  V  it  will  only  raise  a  similar  ncciuiiulalur  v/hoK  ilid-iXlxiv  han 

V 
ap.  ind.  cap.  =  i  to  th«  potcDtial  -r  ;  and  unce  in  the  Bpecial  case  of  a  con- 

lUictiog  m(tt«nal  ukcI  in  the  place  of  n  (lii:lcctnu  the  difference  between  the 
jiuier  &iid  outer  coats  is  zero,  tliv  ap.  iud.  caji.  of  a  couductor  mii.;r  he  con- 

uctered  infinite,  for  0  -^  — 
CO 

The  sp.  ind.  cap.  of  a  dielectriu  iliminish&t  with  the  time,  and  is  therefore 
diiScult  to  ineaAtire  directly  ;  and  when  im  accHiiiuIutor  ia  discharged  by 
metallic  coiiitnuui cation  BCt  up  between  it«  two  coatiii^^^  il-ii  chnrgtt  does  not 
at  uuue  coinplittcly  vonieli,  but  the  condition  af  the  dielectric  is  a]>pareiitly 
very  fiiitiiUr  lo  tJiat  of  a  hody  which,  being  imperfectly  elwtic,  recovera 
slowly  and  irregularly  ite  primitive  fnmi  and  cnmlition  after  deformation  ; 
and  it  ie  ciiriona  tliat  the  name  means— shaking,  JAiring,  etc. — which  faciU- 
tate  the  lelum  of  such  a  body  to  iu  normal  condition  after  a  Btrain,  fociliute 
the  prompt  and  c<implet«  diseharge  of  an  dccumulstor  who*e  two  cjiatinga  are 
kept  in  metalltc  conacction.  Qiiartx  emploTE'd  as  a  dielectric  liao  one-ninth 
thi;  residual  capacity  of  glass  ;  Iceland  flpar  seems  to  have  no  residual  capncity 
at  all,  and  permits  prompt  discharge. 

The  dielectric  of  an  accnmuklor  may  Wcome  double-refracting  tmder  the 
iuHueuGo  of  Electric  Strcsi-,  which  teuds  to  dilate  it :  its  optical  axis  is 
parallel  to  the  Hiiett  of  force  SuUde  slowly,  li^juida  instantly,  acquire  or  low 
this  conditioti  of  strain. 

The  capacity  of  a  epbericiil  accumulator  in  which  the  dielectric  hoe  a  «p. 


ind.  cap.  »  A  ii  A  ■ 


r-R 
be  takvn  as  «([ual  to  — 

this  ia  equal  to  -L  .  ""^  "^*.    This  last  is  the  gwai;™!  furmnla  for  the  capacity 

t  47 


If  the  two  radii  he  very  nearly  equal,  this  may 
.  r*,  where  t  ifi  the  ihickne*  of  the  dielectric  ;  and 


of  a  Leyden  jar. 
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Tlie  form  of  accumulator  known  as  a  Leyden  jar  usually 
coasLsts  of  a  glass  vessel  lined  internally  and  externally  with 
tinfoil.  The  inner  coating  communicates  by  wire  with  a  siuootli 
metallic  knob  projecting  externally  and  insulated  from  the  outer 
coating.  By  contact  between  the  knob  anil  a  charged  conductor 
the  inner  coating  is  charged.  By  induction  tlirough  the 
glass  there  is  produced  an  electrical  separation  in  the  external 
tinfoil.  The  external  aurfoce  of  this  is  temporarily  connected 
with  the  earth.  Tlicreaflcr  there  remain.^  a  field  of  force  in  tho 
glass  between  the  two  tinfoil  coatings.  Tliis  may  be  discharged 
by  establishing  a  metallic  communication  between  tlie  two  coat- 
ings, the  outer  tinfoil  being  first  touched,  then  the  inner. 

A  Lefilen  jar  wlien  cliargtMl  dilates  pomRwIiat,  and  ea  it  expands  ita 
uipacity  )iicri>d«eA,  unil  the  potential  to  which  a  given  chor^  can  ruK  it  falls. 
TVlHm  iliK.-bar^4Ml  it  makes  a  dull  soiitkI,  tiTui  the  gloss  glows  at  tlie  edges  of 
thf  tinfoil,  while  the  internal  air  becomea  Wflrm. 

A  iubmaiine  telegraph  calile  is  in  effect  a  very  lonp  Leyden  jar.  The 
copper  cope  is  tho  inner  tanting  ;  the  guttapercha  or  other  influlator  repffc- 
iwnts  the  glah.i  ;  thi?  oitt«r  coiitiiig  nf  tiwfoil  i«  rfpi-e-wnteil  by  ttie  pmteotiiig 
itY>n  wire  ur  liy  tin?  IxmtiiUti^  xurfiutv  nf  tlii^  tuMi-witlrr.  Wlirn  a  charge  ol 
I'lectricity  ik  ptuixtti]  into  a.  ilerp-opa  caKir,  the  caljlu  lukcn  munc  time  to  become 
fully  chiirgiM]  :  it  then  bean  an  electiaBtatic  charge  upon  ttw  surface  of  ita 
copper  cure. 

An  oidiiiary  aerial  tele^pikpli-wire  la,  again,  but  to  a  lens  marked  d^^ev, 
a  licyili3ii  jar.  Tlie  iauvc'  coating  U  the  lurfiivu  of  the  wire  itself ;  t1ia 
dleleclric  Ib  tho  air  ;  llm  uatvr  tioatiiig  is  the  surface  uf  t]iu  earth.  The 
elcctroHtaKu  cupaeity  of  an  acriiil  wire  ie  Binoll  in  coinpari^oQ  ^^'ilh  that  of  a 
Hubmarinc  eiblc  ;  but  it  is  not  iiL^igniAcant 

Batteries  of  Ley  don  Jars.  —When  n  Ticyrlen  jar  hmi  tta  inner  coating 
plnrsrl  in  Himullanefnis  nn^tJiliic  otnumnni cation  witl»  the  inner  nosts  of  a 
siirivs  of  uninmlntifii  jaT!<,  the  whole  becoims  in  effect  one.  jpvat  Leyden  jar 
of  increased  surEace.,  and  the  jan  are  said  to  fonu  a  bntlory  connected  la 
Surface.  Tho  charge  of  the  first  jar  being  then  distributtrd  throughout  an 
enlaii^ed  cooductor  t^riugB  it  to  a  reduced  potential,  and  energy  is  lost  in  tha 
|>niduclioiL  of  sparks  when  the  battery  in  cliarg<^d  by  the  Siet  jar, 

A  rierien  or  battery  of  Lej-dcu  jura  is  suid  lu  be-  ctiarjjud  in  Cascade  when 
tho  Ottler  coat  of  mu:  jar  ie  coimected  by  mulal  with  the  inner  coat  of  tlia 
neit,  and  so  forth,  wliilo  a  eharge  ia  inipiuled  to  the  inner  coating  of  the 
Erst.  Till]  difTereucQ  of  potential  bi'lween  the  inner  coating  of  the  firet  jar 
and  the  outer  coaling  of  the  hi.-<t  in  diKtribntcd  between  thf  jam  of  thi;  battel^, 
and  thus  the  innk  is  djininisheil  of  iiny  of  thu  jnra  being  ttcntroyed  through  on 
ezccBsivc  difference  of  potcntiitl  in  any  cnc  jar  canning  a  spark  to  pua  and 
pcrfomto  the  glass.     The  charge  of  the  whole  system  is  only  equal  to  that 

V  -V 
of  a  single  jar,  and  tho  difference  of  potential  in  each  of  n  jare  is  — ' ', 

n 

wbcto  V,  and  V,  arc  the  iKitewtiala  of  the  first  anil  tha  last  cuatings  ;  whence 
the  energy  of  the  whole  {=  chaise  x  jxtttrtilial-diffuivnee)  is  thv  nth  part  of 
tlte  energy  of  a  single  jar  loa<leiI  with  tlut  siuue  chaise  as  the  battery. 
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If  the  conductors  sarroiinding  au  inducing  chaise  do  not 
completely  enclose  it,  the  cbargea  induced  upon  them  are  each 
numerically  leas  than  tlie  imiucing  charge,  and  the  sum  of  those 
of  each  kind  ia  al^o  uunichcally  less  than  that  charge. 

The  effect  of  induction  is  secM  when  an  eleefcrifleil  body — 
such  as  a  glass  rod  rubbed  with  a  dry  ailk-lmndkerchief — is 
brought  into  the  neighbourhood  of  liylit  bodies  susivended  or 
floating  in  the  air.  Over  each  of  these  bodies  there  is  a  separa- 
tion of  electricities ;  the  aspect  nearer  to  the  inducing  body  is 
charged  with  electricity  of  the  opposite  kind,  and  is  attracted ; 
the  farther  aspect  is  charged  with  electricity  of  the  same  kind, 
and  is  repelled,  but  to  a  less  extent,  bccanse  it  is  more  distant ; 
ita  charge  not  being  "  bound  "  is,  besides,  moi-e  readily  dispersed 
into  the  nturrounding  air.  On  the  whole,  these  light  bodies  are 
attracted.  If  they  come  in  contact  with  the  inducing  body, 
they  acquire  a  jjart  of  its  charge,  and  are  thereupon  repelled- 

Aa  anctlier  effect  of  inilncttoii  we  find  that  while  two  niinilarly-chorged 
bodies  nt  the  Kami:  i>oUL-ntin]  within  tbo  tnma  field  will  dIwhts  uttract  ono 
another,  yet  if  they  ho  not  at  precisely  the  satno  pot«'atial,  tho  one  of  higher 
potentiu]  will,  hy  ita  presence,  alter  the  (Jiatributiim  of  cloctritity  over  the 
other,  the  weaker,  in  such  a  BCtwe  thftt  the  weaker  one  may  even  bc«ome 
oppoiiitely  chai-ged  over  the  tip*i\>r  vpect,  and  the  attraction  of  the  more 
hiKhly-charjjvd  bgdy  for  thie  eidu  uf  the  weaker  may  prevail  orer  its  reptJ- 
fiiun  it  the  fiu^ber  aide  ;  and  on  the  whole,  two  such  bodies  will,  if  they  be 
plntwd  at  a  HufficicDtly  small  (liBtnnce  and  if  no  npark  pose  betweeii  them, 
uttract  one  anotber.  In  a  certain  iuteriiicdiitt«  position  there  will  be  unstable 
equilibrium,  and  at  all  greater  diittuu(u^  bliure  will  bo  rcimlfiiuu. 

When  a  conducting  boily  is  brought  into  the  neighbourhood 
of  a  system  of  insulated  and  charged  conductors,  the  energy  of 
that  system  falls,  for  the  interposed  body  causes  by  Its  presence 
It  redistribution  of  the  charge  of  the  sj-stem ;  and  such  a  redistri- 
bution of  the  charge  causes  a  fall  of  the  potential  and  of  the 
energy  of  the  system.  If  the  body  introduced  be  a  dielectric, 
the  effect  produced  is  similar  but  smaller. 

Electric  Screeiu. — A  conducting  sphere  surrounding  an  in- 
sulated electrified  body  and  connected  with  the  earth  will,  as  we 
have  seen,  shelter  an  external  particle  from  the  inductive  action 
of  the  enclosed  electrified  body ;  and  convei'scly  it  will  shelter 
the  internal  electrified  Iwdy  from  the  distribution -disturbing  anu 
potential -lowering  inlhieneu  of  the  outside  particle.  A  screen  of 
perforated  tinfoil  or  a  cage  of  wire  gauze  lias  nearly  an  etiual 
effect :  such  screens  are  used  to  protect  delicate  instniments  from 
the  inductive  effect  of  external  electrified  bodies. 
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The  place  of  an  enveloping  sphere  may  be  taken  by  n  plat 
of  metal  connected  with  the  earth.  If  the  diamatcr  of  tliis  be 
infinite,  or  pmctically,  if  it  be  very  great  as  compared  with  the 
distance  between  the  electritied  and  the  protected  particle,  the 
screening  action  will  be  perfect 

In    YIq.   201   A  is  im  insulated  body  positively   charged 

by  a  galvanic   battery 
or  a  frictional  electric - 
^  I  machine ;  D  is  a  large 

""^^  metallic  screen ;  B  ia 
E*rth  a  metallic  body  con- 
nected by  a  wife  with 
the  earth;  this  wire  i^asses  round  the  magnetic  needle  of  a 
Galvanometer,  G ;  the  screen  J)  is  suddenly  removed :  there  is 
a  suddeu  separation  of  electricities  in  B:  a  positive  chaise 
eeca]>es  round  the  galvanometer  and  deflects  its  needle  by  an 
instantftneous  twitch. 

Tin;  pbenortiPiia  of  ctpctricity  in  eijuilibrium  arc  very  ^iniilar  in  their 
mnthemfttiail  ftsptn^t  to  thoRC  of  the  Hl«adj-  flow  of  Heat ;  tquipoicnlial  sur- 
fiues  reprctcnt  ittotherrant  wirfuces  ;  linea  of  fon-e  rcpreaeat  linee  of  flow  of 
heat ;  specific  inductive  capacity  talcL'9  the  place  of  condiirtirity. 

Again,  the  calcutiition  of  the  variation  of  tlie  force  throughout  a  dielectric 
field  reMviiUes  rerj'  clowly  that  of  the  distribution  of  the  flow  in  a.  st/^ftdily- 
flowing  riinMt  of  fluid  ;  just  iw  Ihi-  xtivAiii  Hues  in  a  field  of  liquid-flow  may 
be  held  tn  «ert  latrml  jirt-wuri.*  uiwii  one  iiimtlit^r,  «o  «i»  the  line*  of  force 
in  an  electric  field  laterully  rvpel  oni>  nnutlier,  «><  is  Hiwcially  iiianiffiit  at  the 
turfncc  of  a  conductor,  where  the  ckmeiit«  of  charjjB  repel  one  iinother  ;  in 
each  of  the  tubes  of  force  or  tuhe&  of  flow  the  product  nf  the  forcv  or  of  tfac 
flow  into  the  erosB-sectional  are«  is  conBtant  (Law  of  Continuity  in  Hydro- 
dyuunics):  otid  the  entr^y  per  unit  of  volume  in  a  fleUl  of  force  or  of  flow 
is  at  imch  point  iiuiiiiTiciUl.v  eciuul  tu  the  clecUoatatic  or  hydrottaUc  pr«8sun) 
per  unit  of  ansii  at  tliat  point. 

In  Faraday  and  Mnxwell's  theory  of  Ether-stniiis,  the  flow  of  charpc  qctom 
an  eleotrifled  Hurfnce  io  iim»ted  nn :  Lids  (low  occnra  wlif>nc\'cr  a  sejiaraLion 
of  alectrif^itii'Ji  tjJccH  pJac^e.  When  n  thin  insulated  »>Iicft  of  tinfoil  in  expoaad 
lo  the  inductive  influence  of  a  chart^rd  conductor,  there  in  a  wparation  of 
potittve  from  negative  charge  acToM  the  conductor  influenced,  and  on  each 
mde  there  is  a  charge  induced  whose  deniLity  is  it.  The  quantity  of  electri- 
city thus  induced  to  How  in  either  diredion  is,  over  atty  given  area  A,  equal 

F 
to  <r,  A  :  this  qoaotity  ia  equal  to     -  A,  dnce  F  ^  41^^.      If  any  other  di- 

electric  thitn  «ir  intcn'enw  betwcm  the  inducing  chnrpi'  «iid   the  conductor 
acted  upou,the  quantity  of  flow»  the  so-called  fUectrtc Displacement, 

F 

ii  i  X   -  A.     A  conductor  offers  no  pennonent  rcsietance   to  the  diaplti«e- 

ment  of  an  electric  ehar^je  through  it,  and  w  long  as  there  is  mnJntAined 
between  the  extremitiefi  of  a  conductor  a  permanent  difTerence  of  ivotentiol,  ao 
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long  will  the  electric  di»pla«em«nl  produced  ha  continnftnsly  relieved  by  &q 

electric  flow  or  Current ;  bat  in  a  non-eondoctor  the  extremities  may  remain 

under   ft   pennanent  ditfurenco  of  potentijJ,   for  tbe  Electric  DiiipUcetnenl, 

the  flow  set  lip  ill  tlic  fipit  iiiKUiit  of  eTfuwiirn  t,o  «*lRdric  rtrejw,  i»  am-ftcfl 

byacertoiji  Electric  Elunticily  of  tlie  Dielectric,  which,  bcinj;  ivpR*- 

.  J  .     .1    ,     ..      clMtrie  Ktreaa       force  Mtini:  iuttom  d^cIi  unit  of  ana, 

sent*d  bv  the  fraction  -.^ ;-  a ; — ^  — ; : — ; 

electric  strain     quantity  of  flow  uckms  each  ttntf  of  area 

=  F  -r  [  ft .  ^  J  -=  — ,  i«   invenwly  proiwrtiwnal    to   the  upecific   iiiductiTc 

capacity  of  the  diulectric. 

DimenaioQs  of  Blectroetatlo  Measures. — The  Ahuolute  or  C.GJS. 

anil  uf  (jiiunlity  of  electricity  is  that  q\jantity  which,  placed  at  a.  ccrtnin 

dixtaucu  from  a  eimilar  and  equal  charge,  repeU  it  with  a  certatu  force.    The 

■limensioDs  of  a  force  are  [MLT"*]  (see  p.  54);  force  between  two  electric 

.  .      [Ql  >*  [Q] 
qiiantitioa,  — j-jj^   ■*  = 

(ire[Q]«[MJLlT-']. 

Densitr  cr;   quantity  of  electricity  on  a  given  area:  its  dimeutiaiu 

Difference  of  Potential,  £  :  quantity  of  work  required  to  more  a 
quantity  of  electricity   from    one    iwiut   to  another:    its  dimeniions  tn 


F  =  [MLT*^] ;  whence  the  dimcnuonfl  of  a  quiintity 


Work  done 


=  [Ml'T   »]  ^  tM*L*T- 1]  =  [MiLiT-i]. 


Quantity  moved 

Electric  Force,  F;  the  Force  at  any  point  in  a  field  is  the  force 
acting  upon  a  unit  (quantity  of  electricity  placed  there:  ite  iHrnensionE  ore 

^SLt)?  =  tMI>IT-X]^tLn  =  [ML-*T-.]. 

Capacity,   C:    the  Qnonttly  necowftry  to  prodtic*  a  certain  rise  of 


potential :     ite    dimennons    are 


Quimttty 


[51*LIT-i]-r 


DilFcrciict'^    of    potential 
[MlLiT]  =  [L],  a  Lenpth  Rimply.     TIic  relative  capatttJes  of  conductoTB  of 
similar  fonii  ore  oimply  jiroprirtional  to  Ibi-ir  diamcten. 

Specific  Inductive  Capacity,  It :  the  rutin  of  two  quautitiM  of 
elecLticity  developed  under  similar  circimiatanceB :  it  is  therefore  simply  a 
Nomber  :  its  dimeiwions  are  accordingly  0. 


Observation  or  Differences  op  Potential. 

Observation  of  Differences  of  Potential  is  effected  by  means 
of  instruments  called  Electroscopes  and  ElectTomctera;  tlia 
former  indicate  the  nature,  the  latter  measxire  tbe  ainount,  of 
diOerences  uf  potential. 

Oold-Leaf  Eleotroscopo. — A  glaa  fioak  with  a  valconite  stopper: 
throogh  the  etopper  poaaes  a  metal  rod  Burmounted  by  a  metallic  sphere  or 
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plate  and  tennioaWd  Irelow  by  a  pair  of  freeljT'BitapDiidi.'d  strips  of  gold  leaf. 
If  the  metallic  pnrt  of  the  electmacopc  be  ibargcd  by  contact  with  an 
elvctrifled  body,  tlm  gold  leAvefl,  1>eocitiiing  (similarly  charged,  rc|)el  »du  anothex, 
and  divci^B,  slightly  if  tli«  cliaige  b«  fei-ble,  widely  if  it  ha  gnat.  The 
dcctnwcopc  mny  aljo  be  wmporarily  cliai^d  by  induction  :  a  +  electrified 
lindy  brought  into  Ute  neigh txjiirhood  of  the  sphere  or  p1at«  caitses  that 
•p]i«re  or  plat«  to  become  negativeJr,  wliilc  the  more  diatant  ffili  leaves 
witbiii  the  tla»k  are  ]>o«itive!y,  charged.  If,  while  the  electroscope  ij  electrified 
by  imlucttuii,  it«  upper  «xtreniity  Utt  moitientarity  touched  by  the  experi- 
menter, the  gulil  iKuvvit  collapDK,  fur  thtttr  ehargK  itocapen  to  the  earth :  th« 
plate  or  B]ihcrr,  however,  nitaiait  it»  churge,  ttiid  win:!!!  the  induring  tiodj  i» 
removed,  tlie  oppoeita  oliargB  borne  by  tliu  «phem  or  plntu  becuiiir^  frve  to 
distributQ  itself  over  all  the  metal  of  the  elet'troaccipe,  and  tlic  Ivavca  again 
direrge,  for  the  iuiitrimient  is  now  permancatly  charged. 

If  the  eleotroecopc  be  permanently  charged,  the  approach  of  a  body 
similntly  charged  will  cahjw  a  further  divergence  of  the  Idavet ;  the  approach 
of  a  body  oppositely  clii)ir;^d  will  civubc  the  leavM  to  repel  caeh  other  Trith 
leas  force  :  whence  the  nature  of  the  cltctrification  of  a  given  chaiRed-body 
can  be  ascertained. 

The  dt^ficieucies  of  the  clectiMcope  are  -.  that  its  indtcattonft  arc  qnali- 
tative,  not  accurately  <]imntttative ;  and  that  tbc  gbun  does  not  thoroughly 
actnean  Uiu  gold  K-af  fii^iii  the  dirc-ct  iudiutive  itctinn  of  external  charg«<l- 
bodiee.  lu  order  (o  obviiiti.-  the  latter  defect,  thi;  iim«r  surface  of  the  flank 
is  sometimes  lined  with  perforated  tinfoil,  or  this  whole  is  suiTOUnded  by  a 
cage  of  wire  gauze. 

The  gold-leaf  electroscope  is  a  devt^lopment  of  earlier  iustrumenta,  in  which 
etrnwa,  plain  bullx  uf  vldcrpith,  or  gilt  plth-hulI^  wore  i^niployiiL 

In  thu  (liscliargiug  eluctro^cupv  the  ^uld  U'avi's  whuu  they  divetf^ 
como  in  coiiiact  with  two  met^Iic  uprights  which  cnmmunicato  with  the 
earth :  they  ape  ihuu  dificlmrged  and  colkpfle,  ngain  to  be  charged  :  the 
nitniher  of  iiaciUatinna  of  the  gold  leavi^n  affordn  n  rongii  ineaRurc  of  the 
quantity  of  electricity  home  by  a  conductor  which  is  duwharged  to  earth 
throiit^h  such  an  ciRctroftcnpe, 

I^sltiei's  BleotroBcoi>e. — A  vertical  brnM  ring,  inaulated  ;  attached 
to  ita  innur  ciiuunifertncL,  at  the  lowest  point,  a  vertical  poinlni-rod ;  va 
the  pointed  rod  is  poised  cither  a  magnetic  needle  or  ulae  a  metallic  rod 
whose  direction  is  detennined  by  a  uuall  maguvtic  ueedlu  attached  to  iL 
Thu  whole  is  turned  round  a  vurlical  axis  uuUl  the  riug  and  the  poised 
matallic  rod  liu  in  the  Huiue  plane.  If  thu  ring  be  charged,  Uiu  cbatige  ia 
shared  with  thu  ^uisi-d  metallic  muss,  aud  tliu  ring  and  the  poised  mass  repel 
CUD  another ;  thu  lalCvr  »wiiigH  round  until  the  force  of  electrical  repulnon 
in  bahiiired  by  the  tendency  of  tha  mngnet  to  point  to  tho  magnetic  north 
and  flouth.  Thi8  instrument  may,  by  imparting  try  it  a  Bcrics  of  suoceauTe 
known  clmt^^s,  be  bo  mlJui'tvHl  iu  to  net  as  a  electrometer. 

Bohnenberger's  Electroscope. — Two  vertical  dry*  piles 
(p.  553),  thu  mm  witli  its  +  pole,  the  other  with  its  —  pole  upper- 
moat;  between  these  oppositely-chiiTged  poles  there  in  a  field  of 
force  witlun  which  a  strip  of  gold  leaf  i-s  suspended.  If  an- 
csharged  this  .strip  hangs  vertically ;  if  charged  it  is  repelltid  by 
one  pole  and  attracted  toTrards  the  other. 
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Instead  of  two  pilta  the  two  extremitiea  of  one  aad  the  same 
dry  pile  may  be  uacd  to 
nuike  such  au  cloctro- 

Rcopc.    InFig.  202Ali  "         Figjoi. 

is  a  dry  pile  whose  poles 
are  connected  with  the 
metallic  plates  C  andl), 
between  which  there  is 
thus  formed  a  held  of 
forco  iu  which  the  gold 
leaf  E  is  suspeuded. 

Ou  the  suinu  principle  the  Quadrant  Electrometer  of  Sir 
"Williiim    Thomson    is   biised.      In    Fig.    203    the   two    opposite 


A  — 


+  B 


TigM3. 


quadrants  A  and  D  are  connected  with  nnc  another  hy  wire, 
but  are  insidated  from  IR  and  C.  A  and  D  are  thus  at  the 
same  potential,  while  B  and  C  are  also  at  the  same  potential, — a 
potential  which  may  differ  from  that  of  A  and  D.  A  and  T)  may 
be  brought  to  the  potential  of  the  earth  by  means  of  a  wire  con- 
nected with  gas  or  water  pipes ;  B  and  C  may  be  brought  to  the 
potential  of  any  given  object  by  connecting  them  with  it  by 
means  of  a  wii-e.  The  qua^lrauts  A,  1)  and  B,  C  are  thus  at 
different  potentials,  and  a  metallic  needle — an  aluminium  needle 
of  a  Hat  dumb-bell  shape — will,  if  it  be  suspended  symmetrically 
over  the  quadrants,  and  if  it  be  kept  charged  hy  constant  connec- 
tion with  one  coating  of  a  Leyden  jar,  which  may  be  replenished 
when  necessary,  indicate,  by  the  amount  of  torsion  which  it  can 
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impose  on  a  s^'stem  of  suspension  consisting  of  two  parallel 
threads,  tho  nature  and — approximately — the  amount  of  the  dif- 
ferenoo  of  potential  hetweeu  the  two  pairs  of  quadrants,  and 
therefore  between  the  earth  and  the  ohject  whose  Potential  is  to 
he  measured. 

Tf  thi^  quadrants  be  made  hallow,  and  t'he  nvodle  siiBpemlud  wiUiiD  tJienif 
thi»  arrangement  ib  better  iwlapt<d  for  rlectromptric  purposeB, 

The  amount  of  deflection  of  the  suspended  needle  may  be  ob- 
served by  conncoting  with  it  a  very  light  mirror,  upon  which  a 
very  narrow  beam  of  light  shines ;  as  the  needle  is  deflected 
the  beam  of  light  reflected  from  the  mirror  is  deflected  tlirough 
an  angle  twice  oa  fjreat  as  that  of  the  deflection  of  the  mirror ; 
and  the  beam  of  light,  if  received  upon  a  distant  scale,  thus  acta 
as  a  weightless  pointer. 

Upon  tlip,  Bcale  lh«  tleflectjon  of  the  spot  of  light  may  be  read  off;  that 
deflection  in  pmportional  to  tlti?  tanf^nt  of  tviee  the  aiijilc  of  deflection  of 
the  mirror :  for  ^maU  angl^  it  ie  nearly  proportional  directly'  to  twice  the 
angle  (Pig.  161). 

Ooulomb'B  Torsion  BaJonoo. — A  long  vertical  deader  hard  wire 
^  Of  silk  fibre,  AB,  Fig.  204,  by  which  ther«  ia 

pendt^l  in  a  horiiouUil  pOMttoti  a  thin  cutmterpoti 
rod  uf  ahut*  vT  vhellioc,  CD,  whii:b  bean  «l  one  of  it« 
ustrcmities  a  little  gilt  sphi^re  D.  In  one  podtion  of 
the  euspending  'wire  the  gilt  sphero  D  c&mes  iato 
contact  'K-itb  a  fphvrv-enckd  metal  nid  EK:  this  rod 
projects  tliruiigli  tliv  walls  of  thu  }{la«»  case  in  which 
the  wIiuIl-  it  eDcuf^-'d,  anri  is  thfircforc  JUMiIated. 
Thin  metal  rod  terminates  externally  ia  a  ephere  X^ 
which  may  be  charged  by  contact  wttb  an  electrified 
body,  micb  lui  a  proof-planp,  A  proof-plane  i»  a 
email  mtitallic  disc  prorirlcd  with  an  inarilating  glaaa 
or  cbonit£<  handle.  It  i8  uiwkI  by  layin)>  the  disc 
upon  the  torface  of  an  electrified  body :  wben  the 
disc  IB  withdrawn  it  bean  with  it  a  charge  projKir- 
tional  to  the  chaise  previoualy  borne  by  that  part  of 
the  surface  uf  the  clectrifiwl  budy  with  which  it  bad 
Ivcn  plucud  in  c<.intact :  it  is  tlivu  oiado  to  touch  the 
pphcn:  E  of  the  tonioii  balance.  EF  buiug  charged, 
_^  £  the  two  sphere^  F  and  D,  when  they  come  io  cuntact, 
^  become  charged  with  electricity  of  the  name  kind  and 
ri^ptd  ont'  aiiothor  :  they  do  thi«  until  there  in  equili- 
briuin  In'twoen  the  elcctri<;  rejMiWon  and  the  torsion 
of  the  (cti!(pending  wire  AB.  The  proof-plane  may 
bu  used  directly  in  the  place  of  EF  ;  and  itistea«l  uf 
a  prixif  plane  a  proof-sphere  ui&y  be  ased  when 
tlie  curvature  of  the  body  wJioMi  char^  ifl  tu  be 
exariiiitcd  in  but  Nn^ill. 
DifTereiit  chargeE  may  be  compatvd  by  conijiuriug  the  iuQoaat«  uf  torsioa 
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necesaary  to  bring  the  two  mutuallj-roiielli-tit  Ijmiif.t,  I>  nail  F,  to  t-qual  rliit- 
tAiii.-«».  A  prvlimiimry  charge  in  (pveii  to  tin;  Iwl]  D  ;  a  L'hur);v  Q  of  the 
winifi  Itinil  is  mLparU:iI  to  F,  or  bnnifjht  in  \<y  a  proof-plune  or  proof-«pher«, 
Li-t  the  reptilnoQ  l^Ktweeii  Q  nn<l  ttie  charge  on  D  he  such  that  th«  auspended 
horutontal  fibre  makes  an  angle  FDD  of  Ui*  with  that  potiition  in  wliicU  D 
IB  in  contact  with  F,  while  the  up]H:r  end  A  is  twjittvil  iu  tliv  coulnuy 
direction — &o  m,  oa  it  were,  to  tend  to  forcv  F  oiu!  D  toother — lliruugh  an 
angle  of  410"  ;  the  loliil  tuniun  uf  tliu  win:  AB  i»  430".  Nuw  irinove  the 
cihai^  Q  ftiid  BuhatilLitc  u.  chiirt^u  Q'  ;  iha  iiidi'x  at  A  iiuUcatcH  96*  of  mt«- 
tiou  tht-K  whun  D  us  in  it«  foniier  poBiiiun :  thu  total  tflraiim  of  the  Ti-ire  is 
now  1 05'.  The  chargus  Q  ami  Q'  are  prnpnrtional  to  the  toraiona  whir h  their 
repiilsioBB  bahutce ;  luid  Q  :  Q"  :  :  4  :  I. 

The  Absolute  Differentie  of  Fotectial  betwean  two  bodies 
may  bo  ascmtaiueil  by  measui'mg  tli«  attraction  between  two 
mfttallic  plates  which  are  respectively  connected  by  metallic 
wires  with  tho  two  bodies  in  queation.  Iu  Fig.  205  AB  is  a 
galvanic  battery,  tlie  ex- 
tremities of  which  are  '*"** 
pennanently  at  different 
potentials :  it  is  desired 
to  find  the  difference  be- 
tween these  potentials. 
Connect  A  and  B  with 
tlm  plates  C  and  D. 
The  field  of  force  between  C  and  D  is  uniform  at  ita  centre.  D 
is  fixed-  But  E,  the  central  part  of  C,  is  movable.  Tho  attrac- 
tion between  E  and  D  may  be  mcaaured  by  observing  the  dis- 
tortion of  a  spring  which  tends  to  pull  E  upwards  whilo  tlie 
electrical  attraction  tends  to  pull  E  downwards,  tliis  oKsorvation 
tieing  made  when  the  distauco  of  T)  is  so  ailjusted  tliat  the  lower 
surface  of  E  is  flush  with  that  of  C.  It  is  sotnetimea  found  ad- 
vantageous in  the  tise  of  instruments  of  this  kind  to  connect  D 
alternately  with  B  and  with  the  earth  :  the  spring  tends  to  become 
differently  distorted  in  the  two  case*,  and  in  order  to  render  ita 
■  dUtortiou  e>.iual  iu  both  cases  the  distance  of  1)  must  be  varied. 
Tlte  amount  of  approximation  or  retiactiou  of  1)  may  be  measured 
by  a  micrometer-screw. 

The  spring  which  keeps  up  K  against  the  attraction  of  D  may 
be  replaceti  by  transforming  E  into  one  pan  of  a  delicate  balance, 
of  which  the  oUicr  pan  may  be  loaded  witli  known  weights. 

The  potcntiiil  of  E  i«  V.  ;  that  of  D  is  V^ :  the  diffL-niKC  of  potentiiil 
to  1)6  menBured  ia  Vh  -  Vb  :  tJio  forco  in  the  ficU!  of  forte  between  E  ami  D 

V    -  Vi 

IB  — ! ,  where  t  is  the  thiclmeaa  of  tlie  dieUttric  ;  it  Ja  oIm  uuifbnnly 
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equnl  to  4w.  Thv  total  atlraution  Lulwi.'«u  tbu  twu  plutui  K  uid  D  is  ccjual 
to  tbo  sum  uf  ibc  attiacUouit  uf  tbe  {fliitu  D  fur  waj  liLUe  cluucut  of  the 
sorboB  of  E.  The  attraction  uf  a  laj^t:  plutc  uf  Euticrfitml  density  <r  icrr  m 
unit  of  iiuuility  placed  ojipuaLtc  lU  centre  is  iinr  (p.  168,  8)  ;  for  the  whole 
Eurface  of  E,  a  eurfoco  of  bjkil  S  and  eiijiorfioirLl  density  tr,  it  ia  Hmr  X  S<r  = 


2tS<t*.      But  Bincc  4ira- 


V»  -  \- 


,  u  abov«^  cr  = 


V,  -  V, 


4Trl 


and  there- 


fore the  AtlrncljiHi  =  SirStr- 


-^ .  (V,  ^  V„  )S,  which  w  wual  to  T,  tlie 


Tentdon  of  the  epring, 
i»  thus  V,  -  Vb  =  <  ^ 


The  piffereiice  of  Potential  in  alwolutc  meBSoremc 
8irT 


- ,  in  wliich  expreaaion  (,  S,  aod  T  can  be  direcUy 


iiiUBflurvd. 

When  D  is  connected  with  E,  the  reapi^rtive  potentiaU  of  E  iind  D  ore 
V*.  and  Vb  ;  flud  V*  -  Vb,  the  difTtrence  of  potential  between  the  eztremi- 


ties  of  tJie  idle,  in  equal  t«  '  ^  / ■ 


When  D,  inirtcad  of  being  connected 


with  B,  is  conut^vtvd  with  the  earth,  its  {wtcntiol  bccomue  sero;  and  wlies  D 
is  broiij^ht  by  its  micri)m«tcr-i)ci'evr  into  eU'cb  a  p(«ition  that  the  pUte  E 
again  ueaumes  n  jm^ition  flush  with  thi!  fixed  guard-ring  (',  tlie  tension  T  of 

the  Npritig  is  tlw  satnu  as  befon.-,  and  V^,,m  —  V,  =  0  -  V^  =  (_       /  -  '  _ 
where  f,  is  the  new  distance  between  the  plates.     Ilence  Ve  =  (<  - 1,) 


/8rT 

and  the  Potential  of  B  is  en»ily  measurable,  for  (t  - 1},  the  change  of  dirtwioaj 
between  C  and  D,  is  much  wore  easily  measurable  than  (,  the  absolute 
tance  between  them. 


Production  of  Difference  of  I'otential. 

The  principal  source  of  Biffereoce  of  Potential  is  the  Contact 
of  dissimilar  siufaces — ^tliat  is,  either  of  different  substances,  or 
of  twfj  pieces  of  tlic  same  substance  whose  surfaces  are  in  differei 
comlitious.  A  piece  of  resin  and  a  piece  of  glass  will,  after  coa-1 
tact,  be  more  difficult  to  pull  aiiuuder  than  two  pieces  of  resin 
or  two  pieces  of  gloss :  and  if  they  be  nibboJ  together,  so  as  to 
inultipl}'  the  points  of  contact,  the  cfi'cct  is  multipbcd.  WHiea 
])u]Ie(l  asunder  two  such  bodies  ore  found  to  bo  chai^d  equally 
and  opjiositely :  across  the  surface  of  contiict  there  lias  been 
Separation  of  positive  fi-om  negative  electricity.  The  develop-^ 
mtiut  of  elQctrloali  condition  is  thus  necessarily  a  phenomenon  of 
continual  recunence :  aud  it  gi'catly  influences  the  adhesion  of 
one  body  to  another.  In  all  probability,  wherever  there  ia  friction, 
the  energy  ultimately  converted  into  heat  is,  in  the  first  place, 
converted  into  the  energy  of  electrical  sepai-ation. 

When  two  BubsLances  have  difTerenl  molecular  velocitiee  at  thetr  comnuMi 
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LTfl  of  DiuLuol  contact,  tlit;  molecules  hanipr  one.  another  and  cnetg}'  b 
. ;  thie  energy  Uikes  the  form  of  the  energy  of  c-li^clrical  diflplaceiiip.ni- 
Witliin  the  interior  of  n  homogeaeoiu  body  t^e  etune  thing  must  hnppen 
'betVL'(>n  colliding  luotcculcA  wLoae  vclodtiefl  arc  different ;  ^ut  oU  being  alike, 
and  the  averat,'(^  molecular  ^■uIoc{ty  Ixing  the  ume  throughout  the  mosB, 
there  ia  on  the  wtolc  no  efft-ct. 

When  tu'o  metals  como  in  contact  they  at  once  assume 
iliffereat  potentials :  at  the  surface  of  contact  there  is  an  elec- 
trical separation,  but  each  metal  is  cqnipoteotial  throughout  its 
volume.  The  difference  of  potential  produced  varies  (1)  with  the 
nature  of  the  metals,  (2)  with  their  temperature  at  the  sur- 
face of  contact,  and  (3)  with  the  nature  of  the  intervening 
gas,  if  there  be  any. 

If  a  metallic  disc  be  composed  of  four  quadrants,  soldered 
together  and  consisting  alternately  of  zinc  and  copper  respectively, 
the  ziiica  are  permanently  at  a  positive,  the  coppers  at  a  noga- 
live,  potential.  If  the  disc  be  arranged  horizontally,  a  needle 
suspended  horizontally  over  the  centre  of  the  disc  will,  if  it  be 
i;harj;ed  with  positive  electricity,  be  repelled  by  the  positive  zincs 
and  attracted  by  the  negative  coppers,  and  it  will  Llierefuro  swing 
luund  80  as  to  lie  over  the  copper  quadrants ;  while  if  it  be 
dmrged  negatively  it  will  come  to  lie  over  the  zinc  quadrants. 
The  needle  may  be  so  suspended  by  two  threads  that,  when  un- 
chargecl,  it  lies  along  a  diameter  of  the  disc,  a  diameter  coinciding 
with  a  line  of  junction  between  quadrants. 

Take  an  electroscope  surmounted  by  n  copper  plate,  varnished  on  it« 
upper  »ide ;  upon  lliiii  pluUi  lay  a  zinc  pluU;  vurniiiiiied  on  its  lower  tide : 
ihete  plateti,  rvpiuntcd  hy  tlie  vamiish,  act  us  an  liixiiiuuliilor.  Briii^j  a  ooppcr 
and  a  xini:  pluti-,  l>otli  nf  which  arc  itnvarni&hcd  and  iuKuIattiid,  luto  contact : 
sepumte  tlii-m ;  with  the  anc  Urach  the  zinc,  with  lh«  copper  the  copptr  of 
the  uccumulator.  Repent  this  operation  several  ttmca :  then  remove  the  rinr. 
plate  of  the  accnntiilutor :  the  r^jpper  is  found  to  be  strongly  chatted  with 
negative  eleclridty,  whilr  the  nine  plate  winoved  Iji  p(Miitiv«;ly  churKwI. 

Co]i]M.-r  niingw  fitUing  throu({1i  uu  ini»iilHt«d  xiac-funjiel  leave  that  fnnnel 
canyiiig  wth  th*m  a  negative  charge. 

In  Fig.  206  &  zinc 
plate  Zn  and  a  copper 
plate  Cu  are  connected 
hy  a  copper  wire.  They 
assume  different  poten- 

E  E 

tiala,  -J-  —  and  —  — ,  and 

the   difference  of  potentials  is  constant  =  E.      The   point   of 
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electrical  separation  is  tbe  point  of  contact  of  the  copper  wire 
with  the  zinc  plate.  If  the  cupper  plate  be  connected  to 
earth,  ita  potential  becomea  =  0  ;  but  the  diflerence  of  poten- 
tial rcinouis  constant,  and  the  potential  of  the  zinc  rises  from 

+  -to  +K 

Witbin  the  Beld  of  force  betwvea  auch  pUt«s  an-auged  witb  aa  inleirexi- 

V      —  V 

ing  diolwtric,  F  =  imr  «  const.  =     "    ~,  whwro  t  is  tlic  Uiicknou  of 

Kt 

the  dielectric.  And  V^^  Y^,,  the  poti^utiAU  of  thu  i-oppur  and  the  tine  ro^>ect- 


ively.     Hence  the  superficial  dciuily  a-  = 


4vSU 


but  if  tbe  numerator 


of  thui  fraction,  the  diffcrenco  of  potentid,  be  coti.4tant,  as  it  ia  hetwern  two 

metal*,  a-  =  conrt.  x  — ,  or  cr  oe    . .     The  nearer  the  plat«s  ««  to  one  another 

the  greater  is  their  tondenoy  to  discharge  themfieh-es  hy  ttpatk.  The  striking 
dlstaocA  varies  with  the  dtioaity  tr  ;  tbia  varies  inversely  aa  the  **"*»»»" 
between  the  pUtcs  ;  and  if  ive  auppo«?  the  plate*,  uomiiml!/  in  contact,  to  be 

at  a  mean  molocnlar  distance   of  ahout —  cm.,  tbe  (ktnaity  m  m 

20,000,000 

great  that  if  tb«  cnpjwr  and  tin;  :tiuc  cnuM  bii  ih.'|Uirati.'d  from  one  another 
before  their  ohttrgtM  arc  allowed  to  pccombinL',  tht-y  would  then  spark  acraM 
20  fct't  of  air.  They  cannot  bo  ao  removed,  for  they  olmoat  wholly  di»- 
charj^c  thcmMlvca  when,  afh^r  being  placed  in  conlact,  tbey  arc  pulled 
aaunder,  aiid  there,  tlit^n  mitmiitH  in  thum  only  a  Tv*iilu«l  char^ti  of  xmall 
denaity,  wbii:])  varies  vnry  nli^jblLy  in  amount,  acconlin^  to  th«  modu  in  which 
they  art)  pullud  asuuiliir.  Tlio  moving  molecules  must  therefurv,  oven  though 
the  inawvH  iu  cmitact  srim  to  bo  at  rest,  he  constantly  discharging  and  re- 
newing the  etipanitiwn  of  d ac trie i ties, 

Non-conductors  in  contact  also  become  electrified ;  but  only 
on  their  surfaces  of  contact  When  they  are  separated  their 
Enal  dlscliarj^c  is  incomplete,  and  the  residual  charges — their 
superficial  distribution  Iteing  re-stricted  to  tlio-se  parta  of  tlie  sur- 
faces whieh  have  been  most  nearly  in  actual  contact — are  small 
in  qimtittty  but  of  great  density,  and  therefore  of  high  potential ; 
and  as  these  charges  are  not  diffused  by  conduction  over  the 
whole  surface,  their  potentials  remain  high  after  separation, 

Wlicu  Hulphur  is  uiuIUhI  in  a  fjloati  test-tube,  after  cooling  Uio  sulphur  It 
fouud  to  hear  permuucnlly  a  n(>giitive,  the  gliuia  a  po^itivu  cliorgv- 

In  tl]»  following  »erieR,  due  to  Fanuluy,  oath  member  becomes  poaitively 
charged  wlipn  nibhtid  on  one.  folhiiving  it,  i)<!i,iitively  when  rubhiKl  on  one 
preceding  it ;  Cat  and  Bearskin — Flannel — Ivor>" — Feathtra — Hock  CryMal 
— Flint  QUiss — Cotton— Linen — Canvas — Wliite  Silk — the  Hand — Wood — 
Shellac— the  MctaU  (+  Fe,  On,  Braaa,  Sn,  Ag,  Pt) — Sidphur.  Tli«i«  ore 
certain  itregularitii^  here  to  be  obcerved  :  for  example,  a  feather  lightly  tlravn 
over  a  piece  of  canvaa  heconies  negabvely  electrilied,  trhereaa  if  it  hv  drawn 
through  a  jiremted  fuld  uf  ciuvaa  it  becomes  jwaitivvly  charged. 
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The  sepamlioii  nf  eleclricitirn  Ity  cinlact  and  fn'i'lina  is  utili^d  in  the 
variouH  foriiw  of  ctoctric  fHctiaaal  macliinQB,  wliiirli  runj;!*  fii  coinplcxit}: 
from  Ik  Kimple  jiicce  of  HenliiiK-wAX  <«■  ii  nlnw  nitl  nil>bL*fI  with  n  catKktn  or  ft 
ellk  hittidkerchicf,  or  a  stout  glnss-Lubc  rublwi]  with  a  picc«  of  di7  flAimel, 
lo  a  machini?  in  which  a  glass  or  vulcnnitc  disc  or  cylinder,  act  in  rotAtion, 
fuIm  affainst  silk  rubbers  ;  th«ae  nihbern,  whose  coniUictivity  is  impnivwl  by 
&QointiDg  thi^m  with  a  ttiiititre  of  fat  ami  mercury,  euiuiiiitiiicikU-  with  the 
ground,  and  llieir  iL(>}^livf  eh-driiity  iit  ihiw  nirn^il  "ff  tu  thi-  L-arth  ;  tie 
|K>jiitiv«  *;hiii^r,  honie  by  thv  nttitiii^  gbws  ur  viilc«iiitt,  bh'ii'l*  with  a  nefja- 
tiv*  clmrgo  lU'VL'luiwd  hy  imltictinn  in  the  tip*  of  a  comb-like  series  of  eharr 
iiii'UiIIic  points  which  come  alnioKt  in  contact  with  th«  rotating  tjLaM  ;  while 
thfl  complementary  poeitive-cli&r^  is  conveyed  either  to  u  lorgu  iueuliitcd 
Conditetor  connetted  with  these  points  by  u  miitulUc  cliniu  or  win;,  or  to  the 
snrtiice  of  a  large  hollow  conductor  which  sumtunda  the  ri)l;bi»!;  jiurUs  of  the 
modtiuc,  or  t^f  the  iuiic-r  coat  of  «  Li\vden  jar,  or  to  the  inner  uout  of  one  of  the 
cuDBtituciit  incnilxTH  of  a  hutU-ry  uf  Lcyden  jnn^  A  chiu>^  of  poe{ti%'e  electri- 
city  tnoy  be  thus  accuraulatfid .  If,  on  the  othor  hand,  the  positive  chnrgi;  of 
the  glass  b*  conveyed  t>j  the  Mirth,  while  the  inaalat«d  conductor  is  metallicAlly 
connected  with  the  rubU^rs,  n  chftrftc  of  negative  electricity  may  be  uci'.uiiiulat«d 
in  the  conductor.  If  Ihi?  conducliir,  in  which  ininitive  elflclricity  i"  being  sc- 
cuniuloted,  Iw »onnc-i:t«il  by  win-  with  thi-  nirj^ativrly-tharyfil  nihlmnt,  a  current 
of  electricity  ^vill  pfuw  through  the  oniicctitig  wire  a*  |i>iig  !w  the  machine  ia 
worked,  and  that  wire  will  be  heal«d.  If  this  cumnt  Iw  seat  throngh  ft 
•ecfind  electric  machine  it  will  tend  to  cause  in  it  a  reversed  rotation.  It  a 
■poMible  (Oaiigaiii)  to  produce  continuoas  cnrretita  by  the  frictioii  even  of 
dissimilai'  metslE. 

When  the  plates  of  copper  and  rinc  of  Fig.  206  arc  coimected, 
not  by  a  copper  hut  by  an  iron  wire,  we  have  between  the  two 
plates  pi-ecisely  the  saine  difference  of  potential  as  before.  But 
we  have  now  three  metals,  two  surfaces  of  contact ;  and  the 
three  metals  are  at  the  three  different  potentials,  V^^,  Vp,,  V^^. 

Hence  (V,.„  -  V,,)  +  (V^  -  V^J  =  Vc„  -  V,„; 

or  as  we  may  otherwise  write  it, 

CutFo   +   FejZn    =    CnlZu. 

This  looks  like  an  algebraical  tniisrii ;  it  is,  however,  the  repre- 
sentation of  an  experimental  i'act.      Ftirther, 


Cu  I  Fe    +    Fe  I  I't   +    n  I  Su    +   Sa '  Zn 


Uu I Zn ; 


any  number  of  metals  arranged  in  linear  series  or  Open  Circuit 
gives  a  permanent  difference  of  potential  between  the  extremities 
of  the  series  equal  to  the  diflfircnce  of  potential  which  would  have 
been  develn)>ed  tietween  the  temiinal  nictok,  had  those  terminal 
metals  themselves  cunie  into  contact. 

Now  let  us  recur  to  the  copper^irou-zino  circuit  and  close 
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it  by  bringing  the  terminal  metals  into  contact.     The  electro- 
motive difference  of  potential  ia  uow — 

CulFe  +  FelZn  +  ZnjCu  =  Cu|Cu  =  0. 
A  closuil  circuit,  ccnipcsed  of  (tilTererib  metals,  remains  in  electro^ 
static  eiiuilibrium :  there  is  apparently  no  current,  fllthough  there 
is  an  apparently  constant  diiTerence  of  potentials  between  the 
different  metals  of  the  circuit.  Koch  metal  is  equipotential 
throughout 

line,  an  bi^fnre,  ire  miiflt  mppow  n  continual  fJischarge  and  rechaige  it 

Mbh  BurfftM  of  contact 

No  continiious  current  can  therefore  be  obtained  from  a  closed 
metallic  circuit,  or  indeed  from  any  closed  circuit  of  couducton 
iu  which  the  niateiial  of  the  circuit  suirers  uo  alteration.  If,  on 
the  other  hand,  one  of  the  conductors  of  the  circuit  suffer  a 
chemical  change,  energy  may  be  liberated,  which  may  take  Uie 
fonn  of  the  Energy  of  a  Continuous  Current.  Let  us  consider  H 
circuit  conaisting  of  copper — hydrochloric  acid — zinc — -connect- 
ing wire— copper.  Since  it  does  not  matter  what  the  materia] 
of  the  connecting  wire  may  he,  we  may  use  copper ;  the  circuit 
is  then  Cu — HCl  —  Zn  —  Cu.  If  we  consider  all  the 
members  of  this  series  merely  as  conductors,  the  differences  of 
potential  within  the  circuit  together  amount  to  zero,  for 
Cu  I  HCa  +  IICI I  Zu  +  Zn  I  Cu  =  0.  liut  they  are  not  all 
mere  conductors ;  at  the  junction  of  zinc  and  hytlrochloric  acid 
we  have  Chemical  Action.  Each  molecule  uf  hydrochloric 
acid  may  be  cousiilijicd  as  composed  of  an  atom  of  hydrogen  and 
an  atom  of  chlorine;  theae  atoms,  being  in  contact  within  the 
miileculo,  are  permanently  t;h«r„^e(l,  the  hydrogen  positively  and 
the  chlorine  negatively,  just  as  masses  of  zinc  and  copper  become 
chai;ged  on  contacts  The  negatively-charged  chlorine  is,  somehow, 
more  nttmcted  by  the  zinc  than  it  is  by  the  copper ;  it  unites 
with  a  part  of  the  zinc,  forming  chloride  of  zinc ;  and  its  charge 
is  communicated  to  the  remainder  of  the  metaUic  nine,  which  thus 
acquire*  a  negntive  electrification.  The  hvdrogen  of  the  decom- 
posed molecule  either  travels  liirect  to  the  copper,  or  else  it 
osfiurnea  the  chlorine  of  a  neighbouring  molecule  of  hydrocliloric 
acid,  whose  hydrogen  in  its  turn  takes  tlie  chlorine  of  the  next 
molecule,  and  so  on ;  idtimately  a  hydrogen  atom,  poeittvely 
charged,  is  liberated  upon  the  surface  of  the  copper,  and  charges 
it  positively.  Hence  if  a  piece  of  zinc  and  a  piece  of  copper  be 
placed  in  hyilrochloric  acid,  the  xinc,  which,  when  it  is  placed  in 
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mere  conUict  with  copper,  becomes  positively  cliarged,  aiid  is  there- 
fore wiid  t(i  be  electropositive  to  copper,  is  now  negatively 
charged;  mul  couvei-sely,  Uio  electronegative  copper  liccoujioa 
positively  charged.  The  dillereiice  of  i)otential  between  the 
copper  aiitl  the  Kiiic  caruiot  be  iHsctiargeil  through  the  flewimposed 
fluid  ot  Electrolyte,  but  the  potentials  of  the  copper  ami  the  zinc 
will  be  equalised  for  an  instant  by  a  momentary  ciirreiil  if  lor  an 
instant  the  copper  and  the  zinc  be  connected  by  a.  conducting 
wire  in  which  that  current  may  nin.  The  potentials  are  not 
pernmnttiitly  equalised  by  this  procedure  ;  a  new  negative  charge 
is  rapidly  imparted  to  the  zinc  by  new  chlorine-atoms  ;  renewed 
metAihc  contact  between  the  copper  and  the  xinc  will  produce 
another  momentary  current.  If  the  connecting  wire  be  kept 
|jeraianeiitly  in  position,  there  is  a  constant  charge  and  discharge  ,• 
a  constant  How  of  electricity  along  the  wire  in  the  direction 
copper  to  zinc  is  kept  up  uutil  there  is  either  no  more  hydro- 
eiiloric  acid  to  be  decomposed  or  no  more  zinc  to  be  dissolved ; 
iuid  the  Energy  of  that  How  or  current  is  eijual  to  the  Heat  which 
would  have  lieen  evolved  if  the  zinc  had  Iweu  ihi-ectly  dissolved 
in  the  hyilnichloric  acid. 

When  the  copper  and  zinc  are  not  connected,  the  condition 
assumed  is  one  of  Electrostatic  Equilibrium :  the  zinc  becomes 
negatively  charged  until  its  negative  charge  electrically  repels 
the  negative  chlorine-atoms  as  much  as  the  metallic  zinc  chemic- 
ally attracts  them ;  and  tlien  all  chemical  action  ceases  if  the 
ZLQC  be  pure,  or  if  it  be  homogeneous,  as  it  is  when  amalgnmatetl. 

When  the  nrrnit  in  tinned  Hit-  nietallin  coiiiii'itiuii  ln-twcrti  tin-  iMiJ))«r 
iitnl  thf  /iiif  U'lifl"  to  t.'«UBC  thv  kirl-  to  liecuitiR  ]»oiii lively  <.-hnrt;i.'<l  ;  but  this 
contlitioii   lcii(l»  Ui  bp  ciiiitiiuitjuidj  <Hsi:hiirR«il   tlinjuj^h  _ 

the  hyilrochloric  acid,^a  mnditivii  wliitih,  w.  fiir  iw  H    i-)mmraTri 
^ae»,  tondEi  to  atil  the  current  aet  up  In  coaeci^uence  of   [ 
the  chemical  acUcrn.  \\ 


// 


tCu 


Znl 


3tQ3C 


A  circuit  of  the  kiud  just  described  is  a 
Galvanic  Circuit.  In  Fig.  207  A  is  a  ghisa 
vessel  containing  hydmehlorie  acid ;  <'u  is  a 
plate  of  copper,  Zn  a  plate  of  zinc  Tlie  two 
metals  are  connected  hy  a  wire  of  any  conduct- 
ing material :  the  curitint  runs  in  the  direction 
copper— conducting  wire — zinc — acid — copper. 
Excluding  the  connecting  vrire,  such  an  arrangement  Is  called  a 
Galvanic  Element  or  Cell:  while  a  number  of  such  cells 
may  be  arranged  so  as  to  form  a  Galvanic   Battery  or  I'tle. 
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Different  metals  have  difierent  chemical  affinitieD  for  diilerout 
chamica]  tluids ;  and  consequently  the  amount  and  even  the 
dircc-timi  of  the  electromotive  difference  of  potential  witliin  a 
galvanic  circuit  depends  not  only  ujioii  the  nature  of  Uie  meCal^ 
but  alsd  upon  tlie  luil.iire  of  the  fluid  or  electrolyte  cniploye<l. 
Copper  and  iron  in  dilute  sulphuric  acid  give  a  Kurreiit  running 
along  the  conducting  wire  from  copper  to  iron,  and  the  iron  is 
attacked,  not  the  copper:  in  a  solution  of  sulphide  of  potassium 
the  copper  is  attiickeil,  and  the  current  runs  in  the  wire  from  iron 
to  oq>per.  In  the  presence  of  facts  of  this  order  the  theory  most 
as  yet  ho  considered  incomplete,  for  chemical  affinity  remains 
unexplained. 

Ou  the  whul'C  Hit-  uffcutiru  ilUTurence  of  potential  witbin  b  galvanic 
circuit  coneieting  of  two  nmtals,  M  and  iri,  und  nn  elcictmljlc  E,  it*  the  sua 
of  fivd  (JitFurpncG*  of  ixitenlial :  ( 1 )  thiit  bi;lwi:^'n  E  anil  ni ;  (2)  tlmt  helwua 
1A  mill  M  ;  (3)  thiit  hclweiin  M  arni  E  ;  (4)  ibnt  liftwt-en  M  Riiil  th«  molc- 
ctiIl'4  of  E  ;  (5)  llial  botweeti  thv  molecuk-a  of  E  and  tLc  nit-tul  m.  Tlie 
firet  three  arc  toRcther  =  0  ;  the  Inrt  two  "keep  np  the  ctirrent 

Fop  each  liquid  it  is  pOBfiiblo  to  make  up  a  talilt  of  relative  potentials : 
in  dilute  sulphuric  acid  the  iKries  is,  comrnei&cmg  with  the  niodt  iiegalire : — 
Amalgam Ated  xiiu" — orJinary  xitic — i!Admiimi — iron — tin— leail — aluminium 
^iiiitki;! — uiitiiiitmy — his  ninth — coppitr — cilvcr — [ilittiniiiiL. 

If  two  equal  galvanic  cells  be  set  against 
i-TTinnrN  \  one  another,  as  in  Fig.  208,  no  current 
r  l^J"  is   produced  :   the    aggregate   difference   of 

potential  within  the  entire  cii'cuit  is  e<iaal 

to  zero. 


^ 


If  a  L-el)  containiag  copper  and  zinc  in  dilute 
aulpliiuii'  acid  bu  M^t  in  this  way  againet  ot)«  of 
eqiuil  diniensinns  vuntdiuiug  platinum  and  zinc  in 
the  same  lii|uid,  the  eO'ective  dilfurena;  of  potutitiall  i»  tljv  Hauio  as  thut  of  a 
aingle  cell  containing  platinum  and  copper  in  dilute  eulphuric  odd. 


If  two  cells  be  coupletl,  aide  by  «lde,  copper  to  copper,  7.inc 
to  ziuc  {i.f.,  "in  Surface"),  and  if  the  conducting  wire  be  led 
from  any  one  of  Uie  copiers  to  any  one  of  the  zincs,  tlie  whole 
acts  like  one  cell  of  double  surface,  and  the  effective  difierence  of 
potential  witliin  the  circuit  is  not  increased.  So  also  for  n  cells 
80  arranged. 

If  two  cells  be  set  behind  one  another,  as  in  Fig.  209,  copper 
being  connected  with  zinc,  tlie  difference  of  potential  between 
the  fii-at  copiier  and  the  last  zinc  is  twice  as  great  as  that  lietweuu 
tht!  (loppcr  and  thf!  zinc  in  a  siiiyle  cell :  or  if  b  cells  lie  arranged 
one  behind   the  otlier  in  Indian  file  or  "in  Series,"  the  copper 
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of  each  being  connected  with  tlie   zinc  of  tlic  next  in  regular 
Buccession,    the    cITeclivc     difference    of 
pot/'ntinl  is  n  times  that  of  a  sinj^'le  cell. 

Prmcipal  Forms  of  Oa-Ivaoic  Cells 
and  Batteries. — Theoe  may  be  divi-ied  into 
Iwu  priiicitidl  clu^etf :  (1)  tlio»e  wliich  liiivc  in 
each  irll  iiiK'  HiiuL  ;  (S)  tlioitc  vvbidi  have  in 
each  ciOl  UVQ  (1iii(I& 

Oue-fluXd  oeUa  and  batteries.- — Ck^jht, 
Bulphuric    aciiS    (diliitetl),    and    zinc   form   the        '^-=-^  ^^=^ 

mriflt  (-nninionly  used  iriftd  of  niatfrialH.  VoUh'h  pile  ;  it  nutnhcr  of 
Wpolitiiins  of  the  fte([Hencc  : — (Copper  plide,  clnth  dipp«<1  in  w«ter  or 
ftcid,  tine  plflto  :  the  termina]  copper  i»  pwitivoly,  the  terminul  nnc 
nt'j^Uivi-ly,  chAiyvd.  Vi>Ua'i  corona  di  taxzc:  a  niimbtr  of  cii^>3  cob- 
tHlntiig  dilnte  rnilphuric  acid,  in  «acb  of  which  aw  pJaced  »  plate  of  copper 
and  a  platia  of  zinc  :  each  copper  is  connected  with  the  linc  of  the  pret-eding 
cap.  For  pmctical  puipuses  thJD  in  miule  in  giitln|<ercha-lined  boxec  divid<»d 
into  ccHh  by  pcirtitioiis  wliiuh  are  thein»elv«8  uuulu  of  C(;p]Mir  on  one  side, 
ziuc  ou  ihe  utliur :  and  to  avoid  HpiLliu^j;,  the  whglc  niny  be  Gllcd  up  with 
sand  or  Bitiffcd  with  osbeetuB.  The  form  of  u  uaj^h  cell  may  varj- ;  r 
cylinder  of  zinc  placed  within  an  opcu-uudcd  hollow  tyliiider  of  cupper,  but 
not  in  coDtact  with  it,  tliL-  wliulc  btiny  iramcrEcd  iu  acid  :  a  "•pptii'  cylinder 
within  a  similar  hollow-cylinder  of  ?aBc  (OerBtt'd)  ;  a  slu'et  of  copper  and  a 
nhcct  of  zinc  so{)rLrat4''d  by  ftannel,  mllcil  up  and  iRimcnu'-d  in  acid  (Hare's 
I>eria|;rut'>r)  ;  a  Ini^iT  piece  of  copper,  Wnt  w  o"  to  face  both  Mt»  of  a 
enialltr  sheet  of  xinc,  aitd  thcrehy  to  dimininh  the  "  rtsistance "  within  the 
cell  (Wo! la* ton).  In  all  these  casm  the  diffui-ence  of  j«)t<'ntiali'  l^tweun  the 
free?  f.vli-cinitii^it  of  an  opfii  cIrciiiL  with  t'iiiiitju'  tcniiinittiiiiix,  but  ci>iil>uriing  a 
tiuttcry  of  n  c«ll»,  ii^  wh<.-ii  wi*  i-itijiloy  jmrt-  cupper,  pure  zinc,  iui«l  a  2  ]^ 
wliiti<^>n  of  pure  Biilphuric  acid  in  water,  aWit  aoVooti  iG.G.S,  (.'IcctToatatic; 
unilE,  or  ■921  n  "  Vglte  ;"  if  dilute  hvdtochloric  acid  of  the  Hune  strenRth 
be  used,  about  innnnnr  "  C<i-^  unita  or  -783  «  Volte  (1  Volt  =  jj,  C.aS. 
Eluetrubtatic  Unit  of  l>ifferonc«  of  i'otcntial). 

lusteud  of  ordinary  zinc,  zinc  whose  Burfnce  i^  amalgamated  may  ha 
enipUiy(i<l  :  it  is  not  coiTodod  by  the  ncid  except  while  the  current  is  pacing, 
and  tlie  lUfTert-ticc  of  |)Ot«nlial  within  ihe  cirenit  i.*  rained  by  about  '13  Volte 
for  each  cell  of  the  battery.  Ordinary  xinc  wimt**i»  away  when  left  in  acid, 
because  it  i«  not  homogcneoufl  ;  local  ditfcrcncc*  of  potential  arc  set  up  in  it, 
and  local  eircujta  are  formed.  Zinc  may  be  amalgamalcd  by  itetting  it  to 
fitand  in  i-onljwt  jiartly  with  mertury,  partly  with  dilntii  liydmchloric  acid, 
or  liy  riibbiii^  tn^rcurv  inUi  it  with  a  rag  dipjied  in  acid,  or  by  dipping  it  in 
A  li((iiid  prcparfd  by  di^u«llvin^;  200  grmn,  H^  in  a  niixtnrv  of  25li  grmiL  of 
nitric  and  7^U  ttrms.  of  hydrochloric  acid,  anil,  when  the  iolution  is  clear, 
•adding  1000  RnnB.  of  hydrochloric  acid. 

The  difference  of  potential  set  np  by  single-fluid  batteries  diminishefl 
Kfioitsly  when  their  action  ia  prolonged,  in  coneeqaence  of  their  eo-called 
Polariiiatiun.  Hydrogen  ih  liberaitid  at  tlie  copper  or  poeitivi'  platv,  and 
reDiaina  then;  io-  a  film  ;  this  hydn>gen  in  puoitively  diaiged,  and  tends  to 
repel  all  other  atoma  of  hydrugt^ii,  tiiid  to  attract  thi*  ncjjatiw  cumpum-nt^  of 
the  moleculea  of  the  fluid.  In  ciin»e(|uence  uf  this  there  ia  a  certain  tendency 
towoTflK  the  production  of  a  current  ojipoaed  to  the  main  galvanic  ctimnt ; 
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and  if  a  ooi>{tcr>ai»c  couple,  irbicli  ku  b«eu  for  Kiitie  time  in  ncLfon,  be  taken 
out  of  eiUphurie  ocji]  nnd  immoreccL  in  water,  a  rcvcr-M  current,  companitivel.r 
feeble,  will  run  for  some  time  front  the  zinc  to  the  copper  thrDii;;h  the  COD- 
diuting  wire.  In  order  to  minimise  this  potariaalion  variouA  devices  have 
lieen  leaortcd  to  :  th«  hirdri^n  has  been  awept  utf  th«  pOAitive  plate  by  air 
rn>ii]  a  brlluwit  ((Itvnul),  or  liv  nliakini;  thti  ckII,  or  by  rapidly  rutntiii){  Uw 
[>u»itivt]  platr  in  thu  fluid  (&[vcr-iiij;u),  or  il  luw  been  rQnuived  hy  cnvvriofi 
th«  po«itiv'Q  pbito  wttli  A  filin  of  oxidn  of  copper,  which  is  rvdiicvd  by  tfa« 
hydrogen  (B(.>ciiucn>l),  or  by  coTcnui;  thv  poeitivu  pUtv  with  a  film  of  day 
(PulveriDacbet),  U'r  by  olhern-ifiu  lougbemng  its  etir&icG  bo  that  bubbles  of 
hydrogen  may  readily  fonu  and  rise  ;  this  -Ksa  done  by  ^ogjiiaidorB,  who 
electrolyticaUy  depo«dted  a  rough  Blm  of  copper  on  tho  poailive  copper 
plfttc,  and  by  Smeu,  wbo  Q»ed  a  iimikrly-plaliniiied  platiaum  or  diver  ur  lead 
plate  oJi  the  [>o#ilive  pUlv.  PlaUui»vd  iron  (Pktunon),  Boiol^analud  iron 
(MiinDich),  and  plutiiiuwl  duircuul  (Wulkt^r),  hu^'u  Ik-uq  n.'comui*.iid«d  ai 
poAJtive  plates.  Banscn  n&ed  }*as  coke  with  dilute  snlphuric  ouiJ  and 
amalRainated  zinc. 

For  tlie  iit-gative  plate  einc  i-i  uned,  bccaiiw  it  is  very  rcoilily  oxidiMiblf, 
convenient,  and  mmleratvlr  chetip.  Mii^aitsiuin  would  fiivc  a  higher  «IT«ctivi> 
difference  of  potvntiiil,  but  in  too  expensive :  iron  f^ivvx  with  copper  too 
feeble  n  cunvnt,  but  may  be  in  »oine  ompd  advsntaKeoni*  a*  conipaivd  with 
th«  more  expensive  zinc,  atthouffh  to  obtain  a  given  currant  hy  ito  aid  a 
greoter  number  of  cells  is  rvtjuired. 

For  the  iuterveuiug  fluid  or  electrolyte,  instead  of  sulphuric  or  hydra- 
cUoric  acid  other  liquids  msy  Im  eniployerl,  which  oxidise  th«  bydrogBa 
Ubumtcd  at  the  puvitiw  pLiite.  Nitric  aciii  oxi<lise«  hydro|i;ei),  bein^j  itaelf 
tedneed  to  nitrous  acid :  a  solution  of  iodino  with  iodjJu  of  imtaHainm  in 
water  (I^aurie)  forms  with  it  hydriodic  acid  :  chromic  acid  is  reduced  bj  lh« 
hydrogen  to  chromic  oxide  :  itii^tead  of  chmmig;  acid  a  Tnixtnre  of  bichromate 
of  potub  and  sulphuric  acid  may  be  employed,  and  the  reaction  then  ia 
3Zn  +  KjCfjO.  +  THjSO,  =  3Zusb^  +  2KCr  (SOJ,  +  7H,0 

Cliruiti£-alum. 
A  common  bichromtilt^-opll,  in  which  );ns-carl>on,  bichrvmatv-mixtan  — 
1000  waUir,  lOOKsCrgO-,  3011  pt».  by  «i.  HgSO.  (Grenet)  ;  0-188  gnna. 
KjO^Oj,  6-292  c  cm.  stroiisest  H,,SO,,  CO-47  c  cm.  water  (BanaeD); 
with  the  addition  (Ducretet)  to  each  litre  of  about  H  fpTaa.  of  HgSO^  in 
order  to  keep  the  «nc  well  amatt»niated — and  lim;  are  employed,  f*ivei  a 
difference  of  potential  of  nlraut  3  Voltrt,  which  remains  fairly  oonstant  when 
the  circuit  is  c1os(m]  for  about  three  quarters  of  an  hour,  but  which  id  an  boor 
and  a  half  sinks  to  abont  I  Volt. 

Chloride  of  ammonium,  chloride  of  zinc,  used  as  exciting  fluids,  ahio  teaii 
to  check  jHilarisatioii.  In  Lechuichtift  cell  the  materials  are  ainc,  a  aolotiaB 
of  chloride  of  ammonium,  nud  u  [XMitivr  pUte  :  thin  plate  conststfl  in  iha 
oldsr  L«<:Ianch4  cells  of  r  mixtur<>  of  moistened  binoxide  of  mangaiMMB  nd 
cruahed  gas-ooke  surroimdinK  a  central  rod  of  carbon,  or,  iu  the  newer,  Ufa 
mixture  of  -10  sulphur,  55  Ras-coke  powder,  and  5  Bh»llBc,  pretM^d  upon  a 
carbon  corv. ;  uiid  the  whole  of  thi.*>  positive  plate  is  eurrounded  by  a  holknr 
cylinder  of  porous  (^rtheawnre.  The  zjdim  of  Lectooclit^  battertea  an  my 
little  corroded  when  they  arc  not  in  uw  ;  hence  Ibey  arv  luncb  itaed  fpt 
r>(!caaional  tele^niphy  ur  bell-rinpu)^  :  and  for  thcmixiuttc  puriMMca  ■  lam 
number  of  such  elements,  each  the  aize  of  a  small  teat-tube,  can  (Be«t>)  bt 
packed  within  a  very  small  spaoe. 
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In  some  olUer  celU  the  electrolyte  is  somewlmt  uoniplex,  and  (here  ani 
(liffervuces  ol  puteDtiat,  due  to  chemical  actii^ii,  eet  up  even  within  it.  A 
CL-U  nlium:  uiGtuls  MV  »ilvur  aiicl  zinc,  fteparatvdi  hy  an  interveiiinj;  tnaw  of 
chluridu  of  Bilvvr  iiiuielviiLil  with  ur  lyian  witliiii  i\  mUiHou  of  iklkuUne 
chloride  (Warrcu  du  lu  Ruu),  ctiWridc  uC  niuu  (UuiH*:),  ui-  alkuli  (Strivaiiolf). 
givea  a  very  tDtuiont  and,  rt-latively  to  [hi!  hulk  o[  ihu  lell,  u  iiowvi-Tul 
current.  The  ("ifferetirc  tif  potential  in  ii  ail  vet- — salt-wtttcr-and-chluridc-of- 
Bilver — ainc  or  I  ia  ("Warreti  tie  la  Rue)  I '065  Voltfl.  Bewjuerel  used  ttlt 
M'ater  and  !iulpliat«  of  iKod  between  zinr.  anrl  Iciul. 

Two-fluid  oells.  DanielVs  cell  :  -A  hollow  cylinder  or  cell  of 
])orouB  ivaif,  Qs  tliiii  ft*  practicdhlf,  ftiid  aiiitdining  dilut*'  sulphuric  acid 
and  a  rod  of  tine,  ia  Burrouuded  by  a  Mituriited  aolntioii  of  «iilphAttr  of  onppcr 
Mid  a  lai^er  cyliDder  of  copper.  The  current  mns  lbtou){h  the  Iliiid  in  the 
directiou  Zn  -  H^SO^  |[  CuSO^  -  Cn  (whei-e  the  symbol  |[  ia  used  to  itidicatc 
l]i«  porouit  cell),  niid  throuj^b  the  cuiidiiutiug  wire  at  uaual  from  copper  to 
%iac     The  cheiuicol  action,  whidi  tuay  he  exprvosed  by  the  diagram 


-  I  Zn     SO,  Hj  I]  SO,  Cu     CiTj  + 

reeults  in  the  tormtition  of  aiilphnle  of  zinc  within  the  pomua  cull,  Bulphuric  acid 
within  the  walla  nf  the  porous  cell,  and  the  ([epoeilinn  of  copper  ujkju  the  iniai-r 
Hiirface  of  the  copper  cylihiler.  There  i«  ihua  no  cTolutiott  of  hydrogen,  and 
lio  polarisation.  The  efTectiw-  diffiTi'iire  of  pofc^ntials  i^  I"l  44  Volta  when  the 
liquids  employed  are  a  nculnil  «\lurated  noliition  nf  *ii1phnti;  of  zine  and  a 
aaturated  solution  of  copper  sulphate,  and  when  the  zinc  la  aninl)*amated  anri 
the  copper  clectrolytically  depoeitod  ;  and  thia  does  not  var)-  very  much  with 
tlic  Btrenj^h  of  the  solution  of  aulphate  of  zinc,  nor  doe*  it  do  so  to  any  ^'reat 
exLvut  Ihiiugb  tlni  ti*i»[Krnituri!  of  tlur  cril  rim-  from  S*  to  70"  l-  ;  ami  it  ia 
ei^^ual  t"  almost  eiactly  I  Volt  when  the  li<|uid>?  nmjil  are — llie  'inr.  ;i  •iilution 
of  sulphuric  acid,  1  vol,  lo  water  22  vols,  and  the  other  a  sttunttrd  «o]i]tion 
of  nitrate  of  copper.  Batlenea  of  this  construction  were  oritiinully  due  to 
Beequerel  ;  and  they  are  very  vonetant,  lasting  even  for  nionihs  if  the  rusiet- 
ance  in  lh«  cii-cuit  be  kept  very  ^Kat ;  hut  if  Ihe  external  rei»ist«nce  be  very 
»iiiall,  iLi  where  the  copper  and  the  ztnc  are  oonnceted  by  a  iiliort  piece  of 
wire,  the  current  produced  rapidly  fulls  uiT. 

The  Bulutiuu  of  sulphate  of  copper  is  kept  saturated  by  crystula  placed 
in  it.  Any  nieiol  can  be  usad  as  a  positive  plate,  for  it  «K>n  becomes  covered 
with  copper. 

In  some  fomia  of  Daniell'a  cell  the  poraua  cell,  which  ia  fragile,  and  which 
teniU  to  littVf!  its  poriyt  blocked  up,  ia  dispi-n»eil  with  :  in  gravity  batteries — 
<,3,,  OtUlinid'a — a  Ntratiuu  of  acidulated  wntcr  or  of  ii  Holution  of  sulphate 
«)f  jinc  flonta  upon  a  denser  solution  of  sulphate  of  copper :  in  th«  furtiier 
stratum  the  rinc  is  suapended  ;  in  the  latter  the  copper  Iteo.  SunictinicJi,  as 
in  Minotto'it  battery,  the  copper  ia  protected  by  sand  or  sawdust,  beneath 
which  a  layer  of  coppernulphate- crystals  reaU  upon  the  ci>pper. 

In  Maidinger'a  cell  the  crystals  lie  in  a  special  inverted  Hiiatt  fdled 
with  zinc-suiphate  sulutiun  ;  the  heavy  solution  in  this  lluHk  aioka  down 
whenever  the  density  uf  the  lowest  layer,  the  solution  of  aulpliale  of  copper, 
diminishes  in  consei^aence  of  the  deposition  of  ita  copper  upon  the  positive 
plate. 

These  cells  without  porous  dinphragms  are  liable  to  dilTuiiou  of  the 
copper-sulphate- solution  upwards  into  the  upper  Inyer,  the  solution  of  sul- 
phate of  zinc  :  the  uoc  suspended  in  this  is  attacked,  and  a  iilm  of  copper 
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u  ileponiinl  oo  H,  miUA  inierfem  witk  ik  tMditmef  of  ifce  otlL  Cdla  tif 
Ifaia  kiiul  UK  tlxRlaK  good  iwl;  (or  frtfatt  «k^  fli^  as  MidB  lo  cxbaat 
tlie  iBj-cir  ol  Mtlplialc  cf  OD]>p«r  MlntMa. 

The  eeifper  pUbs  wliBieryHl  is  the  lower  lafcc  of  Ki|aBd  m  eonaeetod 
with  the  estetmU  dienit  b)r  mat*  paMBg  dova  thwgh  iW  wbofe  liquid, 
aad  protect«d  hy  «n  imwltiog  eovning  a€  gnttopncha. 

In  R«n»k'a  fwctaUc  fccm  «f  DwaaU**  tacivf^,  diio  «n-  «n»ii8«d  ia 
Jk  lloUowing  avqtmtoe : — Ccfftr  ftattt,  dodi  dinivd  in  kIbUoii  of  vofpm 
sslphite,  ponms  eotbeawan  ^k^  doth  d^fed  in  dilate  solphaic  acM,  bbc 
pUte,  copper  plate,  etc. 

Tbe  nitric  add  dinotfw  tbe  bj^dnigen  liberated  bj  lint  nilpbune  aoid,  aad 
{tM>lf  redoced  to  wtroiu  acid,  Thkli,  if  it  be  not  too  ■*■"■■'■"',  is  dimdvaf 
by  the  rcmainiiig  nitric  add.     The  difference  of  potential  maiotaiDed  hj 
Qrvive's  cell  b  oqnal  toafaont  \-9i  Volte.     Thii  ia  1-708  X  thtf  of  a 
and  [he  intenal  miwiaace  of  a  Gnnr  is  nraefa  lea ;  lor  a  Aart  time, 
agaiiut  a  aaall  reaiitanee,  a  Grore  can  prndnce  a  tnach  aCnoger  cmrenl  than 
a  Daniell  of  the  aan>«  aiae ;  but  tU  fuiuea  an:  unwhttlcwme,  notion*  id  m 
laboialaty,  and  deatmctivie  to  the  liiDilin^-fcxwn  of  lh«  Gitm  odl  itanlC 

Groire's  cell,  like  Daniell'*,  maj  be  made  cithirr  cvliodrirml  or  flat-ptated  : 
tbt  lonntT  i»  prcfenble,  bManae  cylindrical  ponNi»-c«lU  axe  not  so  li&bl* 
bnak  aa  ftat  ones. 

The  diflerence  of  jioteDtJal  maintaiaed  br  a  Orore  nuntnta  bom  ITO'9  to 
S40  (naniell  —  100),  when  the  dilate  aulphoric  acid  RUtoanding  the  nac 
nrplaced  bjr  a  eonccutratwl  aolution  of  caiutic  potaih. 

The  nitric  acid  lurrDUudiug  lh«  platinitni  is  often  mixed  vjUi 
■olpboric  acid,  which  exerdan  a  dehjdming  aetka,  takes  water  to  itself^  i 
keefB  the  nitric  add  coneeDtnted. 

Inatead  of  pladnnm,  oarhou  may  be  tned,  oa  in  that  modtficatioD   <tf 
Grow'rt  c«-ll  knrivn  as  Bnnaen'a  cell,  originany  doe  to  Orore;  or  irot 
which  U-CMmri«  fjMttire,  and  i»  not  diasolnd  by  strong  nittie  add  ;  or,  as 
Caltan'a  icll,  (tlntiniied  kad. 

The  nitrii:  ntiti  of  Orore'a  cell  may  be  replaced  by  bi^ranuteH>f>; 
and -«ti I ph uric-acid  mixture.  In  the  place  of  nitric  acid  a  aaturattrd  lulut 
of  ferric  diluride,  to  which  4  per  cent  of  mtric  arid  Itan  been  added,  fomw 
exc«ll(!nl  iiijuid  :  whm  it  in  uanl,  the  total  differeni,-*  of  potential  ke)>t  op 
tbe  cell  La  abust  midway  Utwevn  that  of  a  I>anicU  ami  that  uf  an  ordii 
Onv« :  this  Utjuid  u  readily  rvno\'ated  by  boiling  it  with  a  little  nitric 
bydrbchluric  ocitl. 

In  Mari^-Davy'e  cell  tbe  eorrent  runs  through  Zn  -pun  water  { 
of  Hgi^Oj  »ith  water  -  carbon.     Any  luercury  iia^^ing  throng  the  porous' 
cell  merely  anialgamatM  tli«  »nc  and  doet  no  ham .     PolariMtioa  ia  great 
in  this  ci-ll,  but  it  ia  very  con%-enie&t  bccooae  very  portahle. 

In  Latimer  Clark's  Standard  Cell  the  cnrrent  ruaa  throu};h  Za  — 
pnic  concent.  ZnSO,  aoln.  \\  Hg^O^ -and- water-paste  -  tifi.  TUe  cell  i*  vei 
conalant,  atnl  itit  ihflcrenee  of  potential  =^  1'4&7  Volta  :  it  may  be  nnnl  ae 
atanibinl  fur  t-i>iii|iiiruti\'e  electttwtatic  m<;a«un^ii»nt«  of  ilifTereoce  of  potential, 
but  ia  lacking  in  coiutaocy  if  it  be  kept  in  action  for  Mone  tiiue.  If  the 
paste  lio  made  of  Bubeulphate  of  mercury  and  a  ci>nooDtrat«d  aolution  of  eal> 
pbote  of  line,  the  eoostanicy  is  twu  greater,  and  the  difference  of  potential 
l-JOft  Voll«. 

The  grBUlcat  diffctvace  of  potentials  yet  obacned  as  harini;  been  produceil* 
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aR«I  niafnUioed  by  a  sitigle  cell  ittlwtof  acouibination  devUed  by  Ouo<liiin.ii 
in  1847.  TIic  current  in  this  ruti«  Hiiccowivtiy  through  i>utiiMiutii-amiilgam 
— iimur  jjoroiu  evil — sululiou  af  cuuiitiv  pobuib — uutvr  poruiui  vt'll — euIuUud 
of  jmrimiupiuaU;  of  jKiUeli — aud  Ukrtly,  us  ii  puaitivc  plait,  atick-Bulphur. 
Tht  diffii-uncB  uf  poicnlial  U  (BecU)  302-3  (Diiaiull  =  100). 

Two  fluid^i  or  nmlteil  mibstances  eeparateil  hy  ii  poroiia  diaphraj^  will 
give  a  current  even  though  plntps  of  tlm  wuiie  ini'tal  he.  innnn^rswii  in  both. 
Irnn  in  nitrif.  iwid  umi  iron  in  Biilpliuric  arid  (Grove),  or  copjiM  in  Aiiutc 
salptiiiric  Acid  and  topj^r  in  dilute  nitric  ncid  (LmiiH  Xapiil^oii),  nLuminium 
m  dilute  caustic  soda  and  uhiminintn  ib  dilute  hydrochloric  acid  (W6h)er), 
or  pUktinum  in  causlic-potaah-solution  and  platinum  in  nitric  iwid  {Bec<jiiut*l), 
will  jjive  a  cnrrent,  and  as  the  one  mt^taUic  plate  ia  diasalvL-d  away  the  cfther 
is  UuL-kened.  In  a  flask  wt  as'iAv  and  i^[itainiu){  a  li>wer  layer  uf  SHtliitiiiti 
of  sulphate  of  coppi-r  tLiid  an  upper  Livur  of  auidiilaUii  wat^-r,  tuyi-thiT  uilJi 
»  ojpfwr  wire  net  Iw  Ht4iud  iu  llu-  fluid,  it  will  bt;  ftmn'l  tluit  llmt  |Mi-t  of  llw 
topp«r  win.'  which  in  within  the  aciOuULvd  wuUt  bccoiuui-  lliintitd  away, 
whilu  thai  p(irt  whi<:h  ia  within  tliu  eoIuLlud  uf  sulplialc  uf  co])per  becomeB 
ihicke^ned.  Further,  two  plaLes  of  the  Buntu  vwUiX  jiiimere«d  in  acida  or 
allcilie-H  of  difft'ivnt  df-nrvf-s  of  conecncralion  will  jnve  ii  cHirtint  which,  in 
thft  niiH!  of  tiiil|>bnrii:  iiinl  hyilniibliirif  acidH,  Aowh  frimi  the  itrongur  through 
the  porouA  ditiplini(;n)  into  the  wcaki?r  nriil^  but  which,  in  the  cast;  of  caiuUc 
ollulie)!,  flows  towards  the  stronger  ttolutiun. 

Two  metals  in  the  Sfime  gas,  or  two  gases  covering  diffGrent 
parts  of  tSiQ  surface  nf  tlio  same  uio-ss  of  metal,  cire  again  at 
dilTereut  |JoteiitLals.  Frum  this  it  Mlows  that  the  presence  of 
the  air  exercises  a  disttirblng  influence  when  zinc  and  copper  are 
placed  in  contact  and  then  separated ;  and,  as  an  extreme  cose, 
we  see  tins  disturbing  influence  of  chemical  action  actuallj* 
predominate  over  the  contact-efiect  when  zinc  and  copper  ore 
brought  in  contact  and  then  separated  in  an  atmosphere  of 
sulphuretted  hydrogen  :  the  zinc  becomes  negatively,  the  copper 
positively,  charged.  It  ia  only  when  metals  are  soldered  or 
welded  together  that  the  disturbing  influence  o(  the  air  can  be 
eliminated. 

Dry  pllea  nmy  be  ccinstmctffli  a^  follow*  : — Rccca  of  "  gold  paper  "  and 
of  "rilvor  pn]>er"  nmy  be  parted  back  to  back  and  cut  iiitii  Hnin.ll  diKcn: 
these  diara  ore  then  piled  up  and  pre.'Wed  iaUi  a  glass  tube,  or,  Iit-ltiT,  vtrung 
upou  H  Milk  thn'iul,  tht'ir  MJiuiUr  fiiccH  nl!  looking  in  rhi-  >Niiir  ilin^clioo. 
Sucli  ft  pile  deveiopjt  a  cotuiilcrablv  difTtTcriw  bi-tw«-n  tbi-  jiutentialH  of  ila 
extremities,  and  it  ivinain*  tlum  charRcd  for  apparcnlly  iiidefinit«  pt-rioda, 
In  principlw  a  dry  pllu  ro»«nibleB  a  Volta'a  pilv,  the  diacs  of  wet  cloth  in 
which  have  almost  dried  up.  Paper  is  newr  perfectly  dry  :  the  jmper 
between  the  metallic  fac^^a  of  vach  disc  takea  the  place  of  ihe  nioi-it  diHO}  of 
uWtli ;  and  be&idea  thid,  the  air  ocU  mors  uii  the  one  mcuillic  iai;i;  of  vach 
diflc  than  uu  the  other.  In  consetiuoocu  the  cbeuiical  iiclimi  i»  not  nil ;  atid 
a  definite  dtiferctice  of  [potential  ia  set  up  by  whi'<:h  cliLiuiad  clinngt-,  olher- 
wiac  too  ffxihle  to  bo  detticted  witliin  any  reasonably  aliort  jicriod  of  lime,  ia 
rendered  stribingly  nianirest.     The  quantity  of  energy  libuiuted  hy  a  dry 
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pilv  is  rvry  miuiiII,  and  litU«  wvrk  emu  ^M  done  1>y  it  ;  but  one  extrtiniity  of  m 
dry  pile  can  kvep  a  c1iar}p!tl  (jolil-lwiX  ntwulily  rnjiellcJ  for  a  long  time.  If 
tlio  tiro  eiids  or  pules  of  a  drj'  pil<;  hv  liroiiKht  nviir  on«  auolWr,  iin  tiitiilateil 
strip  of  gold  leaf  GUspended  bcUveen  thuin  and  altvniaUly  attracted  by, 
coming;  in  contact  with,  aud  repelled  from,  each  pole,  may  o«dl]at«  betwoen 
the  poles  for  a  v«r;  li^ti;;  Itiui!,  hut  nnly  eo  Ii>ng  aa  the  chemical  deeompon- 
tloDB  ^oing  on  within  the  pile  am  furnish  the  energy  requisite  to  ovenorae 
the  friction  of  tho  air  and  ^e  ri^tdl^  of  the  koUI  leaf. 

Difference  of  potentials  is  the  most  delicate  test  that  we 
possess  for  clicmical  action. 

Tlic  chemical  action  set  up  tuiiier  the  influence  of  actinic 
rays  also  pro<luccs  difterence  of  potential,  which  may  serve 
(Bccqucrel)  to  mesLsurc  the  chemical  energy  of  sunlight. 

DitTerence  of  potential  is  also  produceil  by  friction  of 
water  against  steam  or  air,  m  where  a  jet  of  partly-condenaecl 
steam  or  of  suddenly -expanding  undried  air  is  driven  through  a 
conical  nozzle  of  metal  or  glass  or  wood:  the  ateani  or  air 
becomes  positively,  the  vessel  from  which  it  is  driven  becomes 
negatively,  chai'ged.  If  the  nozzle  be  of  ivory  there  is  no 
cbsTge.  If  the  vessel  contain  some  turpentine -oil  the  charges 
are  revetted. 

When  a  liquid  is  brouj^ht  into  tlie  spheroidal  state  it  assumes 
an  electrical  condition  which  varies  with  the  nature  of  the  liquid 
and  with  that  of  the  Itot  surface  on  which  it  lies. 

When  saline  sulutiouB  are  evaporated  the  va]>uur  aud  the 
liquid  assume  different  electrical  conditions  if  there  be  either 
friction  of  the  crystals  on  the  vessel,  as  when  the  crystals  crackle, 
or  friction  of  the  heated  water  upon  the  salt.  In  the  evaporation 
of  water  tliore  is  no  difterenc«  of  potential  set  np  unless  there  be 
friction  between  the  wnter  and  the  vapour :  if  there  be  friction, 
the  steam  becomes  positively  charged. 

Pressure  or  traction  applied  to  tourmaline  crystals,  it  the 
force  applied  have  a  component  parallel  to  the  crystal lographic 
axis,  causes  a  separation  of  electricities;  opposite  extremities  of 
Uie  axis  become  oppositely  electrified,  and  the  amount  of  differ- 
ence of  potential  pixjductid  dupeuds  only  on  Uiu  amount  of  force 
applied.  The  same  result  follows  whether  the  alteration  of  form 
of  the  crystal  afiected  be  the  result  of  force  or  of  the  application 
of  heat 

Electro-oapUIarity.-'Morciiry  Maiiding  uudnr  water  has  a  convex 
surface  aiid  n  il<-Hnili:  siirfocC'trndoii,  The  vnter  nnA  the  mercury-,  lieing 
two  condncton  in  contact,  are  at  different  potentials.  Ttio  mrfoce  of  the 
wftter  and  the  surface  of  tlie  tneroury,  though  nominally  in  contact,  onj  at  a 
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mean  distance  of  about  one  thirty*  millicmtb  of  k  ceotdmetiu  Tbe  two 
RurfacM  therefore  act  as  an  wcuniulator  which  has  a  (lefiaitu  cui>ai.-ity.  Tliv 
turlace  of  contact  betweun  utorunry  umi  waler  tiiM  thu«  three  j)n>pcrtics — 
Surface  Tuiiition,  DitfL-rL-uci;  of  Puu-iitiiil,  aii-I  Ek-clrottalic  Cupoiity  ;  and 
ibtne  dupL'uil  u|>uii  uiii:  juiolhvr,  »j  tliut  if  uill^  \jv  vumd  the  ntbvr  two  will 
vary  (Lippmann).  Thus  if  wu  vary  llic  njirfinre-fliirvaiure  of  mercury,  as  by 
Betting  it  in  %-ibrutiun  in  a  conical  lube,  and  thiifl  aUt>ring  thi>  amn  and  the 
amount  of  tendon  of  x]\f  flnrfncn  ;  or  if  we  heat  the  merciiiy  »t  tbc  water, 
nnd  thufi  of^iin  sittr  tin'  Huriaci^-tenition,  Lh<^  capacity  and  the  dilft'rcnce  of 
pot4mtial  will  aIso  vnry.  Part  of  th«  work  done  upon  the  nicrcury  io  MttJDg 
it  in  vibrntiun,  or  of  the  heat  inppHcd,  is  Npcnt  in  setting  np  a  difference  of 
potential,  the  very  ciist«nc«  of  which  causes  a  tendency  to  restitution  of  tfa« 
original  surface-tension  ;  for  if  we  vary  tbe  difference  between  the  polentials 
of  the  water  and  the  mercnry  by  charRinn  either  tVie  onn  nr  the  otlii-r,  the 
iurfacn>t«imon,  aud  cuiuetiueiitly  tlie  aurfuce-furni,  of  Ihtt  mercury  raric-s  alw. 

Tbermo  -  electricity. — The  riiffcrence  of  potential  set  up 
lietwecn  two  metal.s  hy  their  mere  contact  <lei>ciids  upon  their 
temperature  as  well  as  upon  their  chemical  nature  and  state  of 
purity  or  their  physical  state — their  hardness,  their  tension,  ond 
80  fortK  If  bismuth  and  antimony  (in  the  form  of  commercial 
pressed  wire)  develop,  on  contact  at  19°  C,  a  difference  of  ])Oten- 
lial  of  V  volts,  the  same  materials  develop,  on  contact  at  20°  C, 
a  diflerence  of  potential  of  (V+- 000 103)  volts.  If  a  semi- 
circln  of  bistnuth  wire  and  one  of  antimony  wire  be  joined  so  as 
tn  fonn  a  circle,  and  if  one  of  the  two  junctiana  be  maintained  at 
19°  C,  while  the  other  ia  kept  at  20°  C,  then,  ainco  the  hotter 
junction  presents  a  greater  diU'erence  of  ]>otential  tlian  the  colder, 
the  a^^grcgate  difference  of  potential  within  the  circuit  is  not  zero, 
but  is  equal  to  {(V+  OOOlOii)  — Vf  voIt«  =-00010;i  volts,  or 
103  niicrovoltA  (iniLltontha  of  a  volt).  This  diHerenco  of  poten- 
tial within  the  circuit  ia  maintained  as  an  electromotive  cEilference 
of  potential,  and  there  is  therefore  a  constant  cnrrent  round  the 
circuit,  80  long  as  the  junctions  are  kept  at  these  iixed  tt-mpera- 
tures ;  and  the  energy  of  this  current  is  derived  from  the  heat 
supplied  to  the  hotter  thermo-electric  junction.  The  current 
runs  from  bismuth  to  antimony  through  the  hotter 
junction. 

The  electromotive  difference  of  potential  produced  and  main- 
tained within  the  closed  circuit  is  approximately  proportional  to 
the  difference  between  the  temperatures  of  the  two  junctions  if 
this  difference  be  very  small ;  and  it  is  therefore,  when  measured 
in  microvolts,  equal  to  the  product  of  the  difTerence  of  tt^mpem- 
tures  into  a  number:  this  number  is  colleil  the  thermo-electric 
power  between  the  two  given  metals  at  the  given  mean  tempera- 


556 


BLBCTRICrTT  AXD  MAGSETISM. 


feu* 


ture-  For  Biftmiitli  and  ^Vntiinony,  at  a  mean  temperature  it 
lOi"  C,  it  IB  1«3;  for  KM.D.P.  =  103  microvolts  =  103  x 
(20*"  C.  -  19"  C.)  K  the  RM.Il.P.  be  measured  iu  electn-- 
magnetic  units,  of  which  100  make  a  microvolt,  the  tbeiiiii>- 
electric  power  iu  this  case  is  10,300. 

The  thermo-electric  power  between  any  two  metals  is  not  a 
uiiustaut  niuuber,  but  viiries  with  the  tyinpcrature.      In  Fig.  210 
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(after  Tail)  it  may  be  seea  that  near  tlic  freezing-point  of  wat«r  a 
difference  of  one  degree  between  the  temperaturea  of  two  juQctioaf 
of  a  lead-iron  circuit  makes  between  the  two  junctions  a  potential- 
difference  of  17"IU  microvolts,  or  1734  electromagnetic  unit& 
while  at  higher  mean -temperatures  the  thermo-electric  power  » 
prugresaively  leas,  Ijecomes  nil,  and  lUtinmtely  changes  its  aensft 
The  thermo-electric  power  between  copper  and  lead,  on  tlie  other 
haml.  increases. 

A  iliaj^Tam  of  this  kind  is  called  a  Thermo-electric  DiagrazD, 
and  inrlicatcs  the  thermo-electric  power  between  its  xnetals  nt  any 
mean  temperature  within  its  range. 

The  lines  of  iron  and  copper  cross  one  another  at  274'5°  C. 
An  iron-copper  couple,  one  of  whose  junctions  ia  at  a  temperatun 
slightly  over,  the  other  at  a  teuiperatiire  eijually  under,  274'5'. 
will  develop  within  its  cirtrult  no  electromotive  difference  of 
potential.  That  mean  temptftature,  274-5°  C,  is  for  iron  and 
copper  the  so-called  neutral  point. 

For  every  tempenitum  on  tlit;  one  side  of  the  neutral  point  it 
is  possible  to  find  one  on  the  other  side  such  that  a  copper^jron 
circuit  whose  junctions  are  at  these  respective  temporaturea  will 
develop  no  current. 

If  one  coi-pw-iron  jiinclion  bo  at  160'  C,  at  what  U.'gn])cratnr«<  muBt  the 
1»  in  order  that  thwre  majf  be  uo  current  ?     Tlie  temperature  tvquind 
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lit  3D9"  C,  wliirli  lipB  ob  far  beyond  tlie  riPiitral  point,  £74-r>''  f'.,  oa  274'5' 
(ioeit  heyontl  IftO'  C.  Tlie  triftiii-le  ABM  (Fig.  2Hi)  rvinwenU  tin-  total 
E-M-D-k  when  tlii- jumtit.n*  are  rei«pwtivily  at  lOU'C.  and  274°-5  C.,*  the 
triiitirtlc  NATI'  rejifofifnte  the  total  and  opposite  E.M.  potetitial-diffcrcnce 
wliicii  wonld  be  developed  if  the  junctioiiB  were  nt  274'5*'  and  3B9*  respect- 
ivtly  :  thtse  trioiiglea  are  ci-iual  :  their  mim  is  nil:  thi?  total  elettromotive 
potentiaJfliServnce  Iietweeii  150*  and  399'  i*  nil:  thi^m  in  tonneeine-iillv  iio 
t-nririit. 

If  one  copper-iron  juuction  "be  maintained  at  a  constant 
tempt'valuro  of  100"  C,  aud  tlio  other  be  tiuccessiveiy  exiKiseil 
to  tumperatures  101°,  102°,  103°,  aud  so  forth,  each  step  in  the 
temperature  of  the  liottur  Junction  produces  an  increment  of  the 
E.M.  4.1  i Here tiuo  of  pot<!iiti»l  tleveluped  witliin  the  circuit ;  but 
each  successive  increment  is  smaller  thou  its  predecessor :  as  the 
temperature  of  the  hotter  junction  nears  274'5°  tlie  successive 
increments  of  E.M.1).P.  become  less  and  leas  r  when  the  hotter 
junction  is  at  274"5'',  the  neutral  point,  the  increment  is  nil,  and 
the  electromotive  difference  of  potential  and  the  current  which  it 
causes  to  run  round  the  circuit  are  at  their  maKimum,  There- 
after, as  the  hotter  junction  is  still  more  strongly  heated,  the 
K.M.T).P.  at  first  gradually  and  then  more  rapidly  sinks.  Wlien 
at  length  the  hotter  junction  is  at  440°  (the  colder  one  still  re- 
maining at  100°)  there  is  no  E.M.D.P,,  and  no  current  round 
the  circuit:  and  when  the  temperature  of  the  hotter  junction 
exceeds  449",  the  direction  of  the  current  is  reversed,  and  still 
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increasing  differences  of  temperature  develop  numerically -in  creas- 
ing ne^'ative  K.M.D.P.'s.  The  Neutral  Point  is  thus  a  lixed 
temperature  for  each  pair  of  metals ;  and  the  temperature  of 
the  colder  junction  (whatever  that  temperature  may  he)  and  the 

•  Since  for  a  iduU  iliOl-roucc  of  umiwrntUTB,  E.M.D.P.  =  TJiuriii-uIect.  power 
X  liiffw.  of  temp,  meuiurfd  in  'C,  euli  Bt*p  in  toiiijiei-atuw  mnltipli*^  by  its 
correspoadiDg  tJiermoH?lGctric  powyr  f»rmB  in  tho  thenuo-eU'clric  iltogmm  «  Ktiiall 
rciulnnglej  wMcli  roin*»i'iil«  the  K.M.D.P.  (iRvr.-ltiiMii  liy  wwh  diffuretiLu  of  teiuiKTa- 
ture:  tbo  sum  of  all  ttt-ito  kcIhu^Ivi  bt-twirt-n  100' ami  i"4'fi"  iriin-seiita  the  lotal 
E.M.  diflerenci-  of  potential  wt  up  when  tbcw:  arc  tin*  tiinperstlJlM  of  the  two 
junctions :  thii  sum  Ih  cqnt,!  to  the  triangle  ABN. 


558 


ELBCTRICITV  AND  MAGXETISM. 


TcxAr. 


correspottdiiig    Temperature    of   Beversal   ai-e  equidistant   od 
either  side  of  it. 

Curvea  indicating  the  ivlatian  between  the  difFcrcoces  of  Tcmpcwture  be- 
twet^u  Iwrt  jmiL-tionB  and  the  electromotive  diffcrcncea  of  Potential  developed 
in  coiiwijueiice  of  them  (w:imetiiiicH  ctilleil  Gangain's  cnrvcti),  Imve  a  fonn 
wbitli,  ivr  nu)»t  jmir*  of  iiic^t;i)H,  ii^  thai  of  ii  jmi-aUiIu :  iiml  tbe  luimcriciU  vaJoe 
of  the  tiu)i;<.'nt  of  the  ungiv  Dindi;  hy  this  cui'vt;  with  a  line  i»iruUttl  to  the  axis 
of  X,  and  cutting  the  curve  at  that  point  of  it  which  corroponiU  to  lay  given 
temperature,  x'  C,  ie  a  ntuncricnJ  meaBure  of  the  tlienuo-eUctnc  power  at  tiutt 
uibon-tenijientture  :  for  both  the  taugcut  and  the  thermo-electric  power  ilr 
nnmeriiolly  equal  to  the  fmotiun 

Increment  of  E.M.D,P.  _  chang(<  of  ordinate 

Increment  of  uiuan  temperature        change  of  absciaea 

Even  within  nni^  and  the  winif  har  diflferenccB  of  iK>tential  ai-o  eel 
when  a  briT*  in  i[nc'<]nAl)y  henU-d,  iind  sr>mv  nf  the  hent  mipplied  is  expended 
in  leettinK  up  thin  rIcrctricAlly-i>trr»«d  (-oii<Htinii  ;  but  in  h  homogeneooB 
metallic  ring,  however  irivgnlarly  hcatcti  it  may  hp,  thvro  in  no  comot. 
The  metal  on  either  Hide  of  a  hot  or  cold  junction  i§,  on  the  other  hand,  like 
a  single  har,  and  dilferencefi  of  potentinl  are  set  up  within  it  which  modify 
ihc  maount  of  thv  tlfettivu  difference  of  potential  within  the  whole  ciicait, 
uul  are  fuuutl  to  tsupply  lui  explanation  of  the  plienouieiia  of  invenioD. 

MeUls  interpolated  in  the  circuit  produce  no  effect  oa  tlie 
amount  of  tlie  efi'vctive  difference  of  potential  Mitbiti  the  circuit, 
unless  Iheir  jimctiuUH  be  at  diOereiiL  temperatures.  If  thai  Ite 
the  cose,  their  thermo-electric  effects  form  a  part  of  the  general 
thermo-electric  effect  of  the  circuit 

When  a  number  of  pieces  of  hismuth  and  antimony  are 
arraiij,'cd  end  tn  end,  tlieir  alU^nrnte  jiiiictioiis  l«iin^  hotter  aud 
colder  resi^ctively,  the  electromotive  difference  of  potential  maiii- 
taineil  by  n  ])air3  of  elements  is  n  times  that  found  to  bo  due  to 
one  audi  pair. 

Tliix  ]>ririci]ile  is  utilised  in  the  Thermoelectric  Pile,  which  conauit* 
of  ft  ijvtnibvr  of  pieces  of  lii»ointh  and  anti- 
mony (or,  bi-ttor,  of  an  alloy  of  10  purls  by 
wl.  uf  hismuth  und  1  of  autiniony,  and  on 
ulhiy  of  15  pJii-lH  of  antimony  and  7  of  cad- 
mium} arranged  afl4:r  the  faehion  of  Pig.  SIS. 
WIip,a  the  face  of  tliih  pili!  marked  HHU  U 
/  I'xpofled  Ui  heat,  the  junctionii  H,  H,  H 
he^-oniii  wanner  than  ihu  junctinnB  C,  C,  C, 
and  a  current  pomes  through  the  cir«ait  O. 

If  it  be  placed   ripposile  a  picct  of  ice,  the  face  HHH  will  cool  itacU  l>y 

radiation,  and  the  current  is  now  in  the  reverse  direction, 

WIh-ii  a  junction  of  two  metoU  in  connected  hy  a  pair  of  cupiwr  wirw 

with  a  tiuiihir  junction  at  Ilie  same  temperature,  no  curn-.nt  poMu-ji,  whatever 

be  lliiT  length  of  tin?  iiit«rvctiiti){  cabin  or  iU  lociil  viiriationB  of  (emperattiiv  ; 

but  if  one  of  thf  jutu'tion*  nwiurac  u  diDVront  tvmpcruLutv  from  the  other. 
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then  fl  cntTfiit  jui.'wt's,  an<]  the  I^ini'tTatiire  of  tlie  (IihUuiI  junclioii  may  bu 
infiTKii  from  the  i-trt-iiKth  of  the  ciim-nt  ■wliich  |iii»«ea,  this  Ijeing  tneafiurftl 
Ly  a  galvAOornct^r,  <ir  directly  di-termiiied  l>y  hrating  or  cooling  tha  BJinilar 
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Junction  situated  under  the  obserrer's  Cf<nCrvI  udUI  its  tvmpentturc  becomes 
the  HURie  OS  llmt  (if  thi:^  di:<taHt  one  ;  thin  is  known  to  Imvc  ucciimKl  when 
the  cunvut  through  the  golvaiiomeU:?  ciinp««,  A  coiiplu  of  junctions  of  thtti 
kind,  wicli  an  inlvrvening  doubli:  wirv  and  tnilvunuiiR-ti.'r,  fiTiii  n  diffi-ri-ntial 
[hcmiomct«r,  the  tndtcattons  of  which  must  be  iiitcqireteil  with  ref*frent!e  to 
[he  thermo-electric  diagram  of  ihc  two  raelalR  used. 

Aa  BoiiTCM  of  elpctricitr,  iherrao-plectric  pilee  are  not  much  in  use. 
Bectiiicrcl'*  thfrmt^clfctric  pilca,  made  of  thirty  jtfiim  nf  block*  or  nKlii  of 
iit-titiciiil  milphide  of  cii]>]i»t  (wliich  fnw-n  only  at  ahoiit  lODD'  C.)  and  of 
ticrman  nilvtr,  can  deconijioM!  wat^-r  when  thi-  d i irL-renn-i'  nf  t«ni)>t!ratun>  em- 
ployed are  from  250' to  300'.  In  Noc'b  tliertiio-«leclric  pile  twenty -Bve  pair* 
of  platen  of  tifniian -silver  and  of  an  alloy  nf  Hnc  and  antimony  are  aiTanged. 
round  a  BuuMin  gas-burn«r :  each  such  pile  maintain!  an  effective  difference 
of  potential  of  from  S  to  S'75  Volt«  aa  tonj,'  a»  the  iJunmin  burner  i»  kepi 
lighted,  while  the  internal  rv^ftancu  io  075  Ohius.  In  Olamund'ii  pile 
about  6000  couplex  of  Lruu  and  of  biviiiutb  -  niituiiuuy  alloy  aw  raiigcd 
round  u  coku  fini,  and  tbu  E.M.D-P.  prodiicvd  u,  if  llm  conpl«B  be  arranged 
in  filv,  iibuut  S18  Volte.  The  diriiulvantu^  of  thermic  piles  as  eoitrceo  of 
electricity  i»  thai,  in  gen(-ra.l,  the  K.M.D.P.  produced  iK  w»  extremely  umall 
that  moderately-sliffht  extemftl  rewstanee*  make  the  current  extremely  weak  ; 
and  even  in  Clamond'H  pile,  which  is  able  to  kcq>  a  pair  of  elec:tnc  arc-lamps 
in  action,  about  95  (ir  U(i  pet  cent  of  the  heat  of  the  fire  is  not  converted 
into  the  (*neirxy  of  a  eurrent,  and  ia  thereby  practically  wa«ti:i).  Fi>r  many 
purpisteii,  ituch  im  eli-Ltnijilating  <>n  the  Rniall  wale,  Nih-'h  btitterii-n,  thn^  of 
wliii:h  pruduci-  an  E.M.L.F.  nearly  etjiial  lu  tlmt  pTiHiiiCL-d  by  seven  Uaiiiell'ti 
tell*,  aiv  very  iiceful,  for  when  llirv  aru  <itiw  built  w]i  llii'ir  current  can  be 
proilucL-il  or  amateii  a1  wilL  An  arnin].'enient  like  thai  of  Fig.  213  hfw 
bwn  iwoil  iw  a  Melf-acting  miurce  '<(  elvctric/il  currents,  and  tlierwEore  of  wnetity 
tulficient  to  uiainluin  in  action  a  Klf-windin^  clock. 

TIio  luost  important  HOiirce  of  electricity  i.s  the  tninaforiimtion 
uf  the  tjneryy  of  work  iiitu  that  of  electrical  BCpamtiou  by  means 
of  magneto-electric  mid  dynamo-electric  machines,  tho 
action  of  which  will  lie  exjilaineil  in  the  aeqiiel. 

Atmospheric  Slootrlcity.  — The  aUnuHpb^re  in  different  re^dons  la 
oflun  found  to  be  at  difFerenL  local  [lotenliala,  which  ditfiT  from  that  of  tbc 
earth  Kumetimea  even  hy  ii»  much  a^  3000  Volta  withiti  lUD  fe«t.  A  con- 
ductor insulated  from  the  ejirlh  nmy  be  brought  to  the  mrnc  potential  u»  jiny 
]>oint  in  the  air,  by  Iwirling  Ut  ihat  point  u  metallic  wire,  and  by  fiirni:i1iing 
thiB  exploring  wire  with  an  extremely  fine  poiot,  or,  better,  by  fixing  itt 
iti  extremity  a  sponge  dipped  in  Bptrit  and  »et  on  fire,  or  a  little  ct«tern  from 
which  ft  quantity  of  water  ia  allowed  to  drop.  In  the  former  case  the  flanm 
continaoualy  conveya  maawd  of  gaa  away  fr»m  tlii?  end  ••t  the  exploring  wiru ; 
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anil  as  long  a^  there  is  aity  difVrence  of  potenUa)  1?etvrefti  the  re;^on  ol  tlw^ 
air  L-xvloreJ  oiiJ  the  wnductiiiH  system  of  which  the  eX|'toring  wire  fumm  » 
piirt,  thvn;  will  bi>  a  curivnt  aK<L;(  Chu  win',  lUid  HiutUy  the  whole  oonducting 
eystutu  will  cuiuu  lu  tbi:  tauic  pi^iiiial  lut  tliu  ait  nruimd  the  Baoie.  Siuilorljr 
-H-alt^rilrops,  ud  falliii^  fiuui  im  iuHuluttd  cUtvru,  briuK  the  mtvin  to  thw  mtaa 
potential  ai^  ihe  ai>  around  it  :  each  drop,  jtiat  lieruru  fjiHing  off,  iiccume* 
vloclnlied  with  a  char^  oppni^ite,  while  the  nozEle,  the  cistern,  auil  the  nutia 
iiiaas  of  waltT  are  ttlectritied  with  a  charge  aimilar  In  that  of  the  air  in  tke 
Qcif^hbiiurhoi'iil  rif  t])e  falling  dmjx  As  the  drop  is  in  the  act  nf  fnlling  tit, 
it  is  attnictc'd  liy  the  riftt>?rn :  it  \i  held  Itnck  ns  it  falla :  it  falU  down  witli 
leM  »]K.-cd  than  it  wmiM  havi*  AA4iinied  if  it  Iiivil  falU-n  from  an  uiiiQBuUted 
cistern  ;  and  when  it  rftLchcs  the  ^ound  it  producer  it»i  ixtaU  The  encrgjF 
of  the  elettrificiilitm  aci(uirL<d  by  the  cistern  ia  equal  to  the  niiMing  kinetic 
enerjo'  uf  the  falUut,'  drops. 

In  an  analogoiiH  way  lUe  air  within  a  room  may  be  stmngly  electrified  : 
cuiiiiKCt  a  fUiiin  wiLli  the  cuud iictt>i-  of  an  elrttriud  niairhine,  and  work  tbc 
uiuvliinL- :  iti  uuu  iniimtL-  u  lUAu  inacbine  will  i-uisv  iliu  potvutial  uf  the  jur 
uf  a  room  by  2000  Volu. 

DiffoTonces  of  potential  which  Iiave  been  ouco  originated  meiy 
be  increased  when  work  is  done  from  without  against  the 
electric  force. 

The  Bleotrophorus  onuiiiatja  r>f  a  iiike  nf  n-sin  or  ^-iilcanile  and  on  in- 
lulftted  lUL'tRllic  plate.  Tho  funner  is  Hli^htly  clmrj^nl  by  being  rubbed  with 
■  ^'■twlri'n  or  a  dry  silk  handkerchief :  the  niL>tallic  plate  iH  thi-n  laid  apon  it. 
The  contact  between  the  two  can  uevar  be  perfect  at  all  point*  ;  practiosUr 
\.\\sfK  U  All  iiiterv^Miiiig  film  of  air  betweun  the  resin  and  the  metallic  ploir, 
and  th<.'  laitor  is  charf^ed  by  inducliuii  with  an  uttmutvd  uud  u  repellud  cliaifpe. 
Tht!  lattcT  tuuy  bi-  withdrawn  by  L«>uc]iiii};  tht-  uitrLdliu  plute  with  tlie  finger, 
ur  by  making  ntctflllii:  cciinniuuieatioti  bciwoi^n  Like  nmtullic  phUo  uid  the 
earth  ;  the  fumiop  cliarfjo  remainH,  fncing  and  uttrjctcd  by  iht  ori^nal  chat;ge 
on  thn  rRSin.  Work  is  now  dnne  fmm  withmit  in  pullin;;  the  metallic  plal* 
Awny  fnini  thi^  n^^^sin  ;  the  enc-Tgy  of  elertritiratinn  increoaea :  the  chai^  and 
the  potvniial  Itoth  iiKrcn-v,  both  on  the  nutal  aui^  nvertht^  rwiin  :  the  knacklfl 
applitd  to  the  odgi.-  of  tliL-  in«\ikti_-d  metallic  plntu  may  now  receive  a  spark. 
When  the  mctoIUc  plate  is  next  laid  on  the  riwin  it  finda  the  aurfaoe  of  that 
aubAliLnce  more  heavily  choived  than  it  hod  doae  on  the  first  occBMm. 
Small  original  L-harguM  may  thus  be  co'averted  iato  charges  of  increased  quan- 
tity and  high  potential,  whvu  work  i«  d^nie  iu  polling  oppo«teljr-«lectiificil 
butliu  iMUUiler.     (Hohz,  Vvat,  WiiuBhur»t.) 

By  the  aid  of  induction  and  work  dono  by  gravity  upon  Mliog  drup%  a 
cctusidemUt!  i^uanlitr  of  i>lectridly  inay  he  aucumulatud.  Iu  Fig.  SIA  A  and 
B  are  two  Leydt-n  jncfi  whooi>  inner  coatings  conpiet  of  i^iilphuric  acid,  and  are 
connected  with  tlu:  nietAl  tubej<  0,  F  and  1),  K  r^jjx-ctively.  C  and  D  are 
co-Hxial :  no  nrp  E  and  F.  Water  falls  in  drop?  from  the  bifurvated  inclal- 
tiibc  Q,  which,  being  connected  with  the  ordinary  wau-r  unpply,  in  in  com- 
niuntcation  with  the  earth,  and  ie  thercfoiv  at  zcm  Puti_'ntia].  A  Kmail  iniUal 
chai^ge  coubialing  (wy)  of  positive  electricity  is  ini|>arted  t»>  one  of  the  Lanyden 
jars,  say  A.  Water  ia  made  to  flow  from  I]  in  atreama  so  thin  as  to  biaak  up 
into  dro]w  within  the  lubex  C  and  E.  .Iiuit  before  these  drops  break  off  from 
Uie  xtream,  they  an.*  by  itidui:tioti  within  C  diarged  with  negati«-e  eloctricitf, 
while  the  cnmplcmeotary  p'-witlve  charge  in  conveyed  along  O  to  the  eulh. 
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When  the  drops  have  become  sqiamtc,  they  fall  down  cliiirged  negatively. 

They  then  fiill  upon  a  metallic  faniicE  plawil  in  Uie  tube  D,  tuid  t^liarge  tlic 

exUrior  of  tliat  tube  nega> 

tively:  thiscKurii^c  itt&ltAivd  "      |  ]o 

w-ith  the  lieyth-ii  jiu- B.   Thin 

Leytli'n  jar,  thiiB  urKalively 

chui>;ot|,  by  a  currcEp«ndiii(; 

liiductiTB  action  causes  the 

«lri:<pB  which  fall  through  K 

lo  become  ponitivi'lycharged.  o 

Wlien  these  drop*  fall  upon  + 

F  they  incpeaac  ihc  positive 

charjju  of  the  Leydcn  jar  A. 

Thua  the  Lcytlen  jars  A  and 

B  beciime  more  and  more       i  w      ■     ■     ■  i i     ,      ^ 

highly  chained,  the  one  with       FV  /         I     I     I  I     1    \       \\  / 

pi>!iittve,tlie  i>thor  with  neija- 

live  electricity  on  ita  inner 

coat.     The  enerpy  of  their 

electrificatioa  ia  derived  from 

the  work  done  by  gravity  upon  thi;  fiilliDK  watvr;  and  thue  this  coutrivanoe, 

dae  to  f^ir  WiUioia  Thomeou,  t£  au  ducLriuil  luudiiuc  worked  hy  gravity. 
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Electrical  Cuheents. 

In  a  conductor,  say  a  wire,  alcn^  wliich  ii  ciirreDt  is  steadil}' 
and  uniformly  pnasing,  there  ia  no  internal  accumulation  of 
electricity,  no  density  of  internal  distribution :  there  is,  on  the 
other  hand,  an  unequally-distributed  charge  of  electricity  on  the 
surface  of  the  wire,  ■which  results  in  a  potential  diminishing 
within  the  wire  from  one  end  of  the  wire  to  the  other. 

The  superficial  diiitrJbutioo  of  electricity  over  the  surface  of  a  couductiug 
aiartal  nii'e  is  not  so  great  9»,  but  otherwise  resemlikx,  thut  over  the  eurfuca 
of  the  metallic  core  of  a  tubmariue  cable  through  which  a  steady  cimvut  ia 
flowing. 

Tha  Intensity  of  a  current — t.e.,  tho  Quantity  of  electricity 
wliich  passes  across  any  cross-aectiou  of  the  conductfir  during  one 
Second  of  timi; — depends,  an  the  one  hand,  upon  the  eilective  dif- 
ference between  the  potentials  of  diflerent  parts  of  the  conductor, 
and,  ou  the  other,  upon  the  nature  of  the  conductor — that  is  to 
say,  upon  its  size  and  its  suhstoucc.  A  thin  wire  is  a  worse  con- 
ductor— has  less  Conductivity  and  offers  more  Resistance — than 
a  thick  one :  a  silver  wire  conducts  Iwtter  than  a  copper  one. 

The  relation  between  E  the  electromotive  difference  of  poten- 
tial, I  the  Intensity  of  the  current,  and  R  the  Resistance  of  a 
unifonn  conductor,  i«,  when  the  flow  is  uniform,  expressed  by  the 
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equation,  1  =  — .      When  there  are  several  differencea   of  potco- 

tial  in  differeDt  parta  of  tbe  circuit  and  several  successive  cod- 
ductoi-8,  e&di  of  which  offers  its  own  resistance  to  tho  onward 
0OW  of  the  ciurent,  the  biw  aflsiimpa  the  generalised  form  that 
SE        ett'ective  sum  of  all  the  difftirencoa  of  potential 


This 


sum  of  all  the  Euccessive  resistaacea 
is  Ohm's  Law. 

Tliw  C.G.S,  Eltfclrorintk  Unit  of  Intendty  ia  tiie  iutenaity  of  a  caimit  in 
wliidi  one  C.O-S.  fli.'ctrnstaUc  iiuJt  uf  ijunnlity  iwnswt  h  given  aectioii  of  ihc 
coniliictur  (luiiiJtf  onc^  H-cuiid.  It  is  tho  citrnint  which  {lanes  when  thf 
diBenncn  of  potvntiiiL  E  =  1  C.G.S.  clevLrostatic  unit,  and  t1i«  total  lesutance 
ia  also  It  =  1  C.G.8.  <;U-ctroaUitiG  unit  of  resistance. 

The  C.(>.S.  KI(>4:trQetatiG  Unit  of  Ki'i<UtJince  is  the  nststance  ofTerad  by  a 
conthictor  whiclu  wlien  it  ia  interposcil  K-lwi^en  two  hodios  whose  potcntitli 
arc  omint^iiDixl  at  a  conftont  difTun-ncu  of  one  0.0£.  ckctrwtittic  unit,  •Uowi 
s  ciinvnt  of  (rxactlf  one  unit  intensity  to  puss  alocp;  Et. 

These  iinitB  arw  inconvenient  for  practical  puqtosM,  and  elcctrieianB 
u  their  pnictiul  anita  ct-rtain  fmctional  or  integmJ  mnltiplca  of  tbe«e. 

The  Resistance  of  a  uniformly-cylimlrical  conductor,  such  an 
a  wire,  depends  upon  three  things:  (1)  its  length  /,  directly; 
(2)  its  cross-section  .i.  inveraely;  (3)  its  Specific  Conducti%'ity 

c,  inversely.     It  is  therefore  eq_ual  to  —  =  R- 


The  reciprocal  of  c. 


1 


th«  Specific   RttHiatance  ofambetaaocL 

t«   therefoK 


Tlie  resistancti  of  n  conductor  of  length   I  uiul  crusx-wctlun  s 

It 
wjoal  to  -  =  R. 

The  specific  conductivityj  c,  of  any  substance  is  a  conatAot, 
special  to  each  substance,  and  even  found  to  differ  from  sample 
to  sample  of  that  whiuh  ia  nominally  the  same  sulistance.  It 
represents  numerically  thu  number  of  electrostatic  units  of 
electricity  which  can  pass  per  secoud  between  two  bodies  kept  at 
a  constant  potential -dilfcii;nc6  of  one  unit,  when  tho  conductor 
iuteiposeil  between  these  bodies  has  n  length  of  1  em.  and  a 
CTOSS-aection  of  1  sq.  cm.  It  varies  very  greatly  from  one  sub- 
stance to  another. 

In  the  following  table  the  first  column  of  iigurca  gives  tlie 
Bpeciiic  reaistancea,  the  next  column  the  specific  conductiviticB,  of 
a  certain  number  of  substances  ;  while  the  thin!  colunm  gives  tbe 
numbers  wliicli  denote  their  relative  condnctivitics  when  tho  con- 
ductivity of  mercury  is  taken  as  a  standartl  and  called  unity.  It  is 
verj-  usual  to  take  the  conducti^-ity  of  silver  as  a  ataadard  ^  100. 
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The  ntituWra  in  the  aboxe  table  have  (with  Llic  fXctfjilioQ  of  Cboac  for 
tlie  last  four  ^ubtttancea)  be«ii  calculated  from  iha  datit  uf  the  auUiaridai 
named,  on  tltei  aMumption  thsit  a  rod  of  tnernuy  1  metre  lou^  and  I  iq. 

953 
nun.  io  «ctioa  has  a  raUtance  of  900.OOOOOO.OOO&OO  ^'"^^  electrQrt«tic 

iinito  =  '963  Olini ;  or,  iu  otlier  wiinlx,  tlint  tliv  OhzUr  tlie  Brituh  AmaciaXicm 
or  practical  unit  of  renixtaDcc  (tb«  rwixtaiioit  of  a  c>::rCjuii  iitAiiiUnl  wire,  wliicli 
is  iiiilirectly  inUinded  la  nprewat  the  90 0,00 0,00000 OUi  Itart  of  «  CQA 
electrostatic  unit  of  resiBtooct;),  is  the  reiiistance  of  a  column  of  mercuiT'  I 
Eq.  mDi.  in  section  and  1 '04931 8  metre  in  length.  If,  in  tli«  report  of  tlw 
Coainiitt«e  of  thu  Paris  Electrical  Cwiigreas  of  1881,  appointed  to  eotuider 
thifl  mntlur,  it  hu  dticloreil  tliat  any  other  value  of  the  Ohm  (as  measored 
in  kngths  of  nK^rcury- column)  U  the  true  ouc,  tLcn  the  absolute  values  in 
the  firat  two  iiuiiicriail  i:uluDUifl  uf  Lbo  abovu  table  vill  have  been  foniMl 
tu  be  vrroucntiB,  and  will  all  havu  to  \k  proportionati'ly  correcUid  ;  but 
the  rektive  valucfl  in  the  third  cn!unm  will  remain.  In  the  meantime. 
Lord  Kayltifili  aiu)  Mrs.  Htdgwii^k  hiul  Ibnt  the  value  of  tJio  Britiah  Ama- 
ciation  Statuliml  Olim  in  o-HiiGTA  limes  iU  inb'uded  vaIuc  ;  and  MeMCl. 
GliLu^broijk,  Doildii,  .-iiid  StLcyunt  axil^u  tu  it  tliu  vulue  0'986439  tinica  the 
Ihcon-licn]  Ohm  ;  while  .loiilo  aM>ii,iicil  to  it  the  \'bIup  il-9R70.  Fmm  Liml 
Rajleigh  and  hin.  Sidgwick's  metumrement  it  follows  that  th«  nM>ii<tanc(!  of  a 
metre  of  mercury  1  sq.  mm.  in  nection  is  not  0'953  but  0'9413  ObnuL  If 
the  table  be  read  without  the  multiplier  or  ditnsor,  «*,  it  then  exppnn* 
the  specific  resistances  and  conductivitieH  in  another  iyrtem — the  Electro- 
magnetic tyBtem  of  ab»olute  or  CO.S.  unito,  fkim  which  the  Ohm  and  the 
Volt  ore  primarily  derived,  Uiu  Ohm  bciu^  10^  ekctromagnettc  anita  of 
itaistanc^ej  and  the  Va!t  10*  electromagnetic  nnita  of  pot^ntial-difTerenee. 
Thifl  system  depends  npon  the  lawn  of  Magnetism,  aftem-nrda  to  be  explained. 

The  condmitivity  of  metals  decreases,  that  of  smno  bad  oon- 
(Itictors  or  insulators  iticreases,  with  tlieit  temperatures :  a  heated 
wire  or  dynamo -electric  machine  increases  the  resistance  in  the 
circuit  of  which  it  tonus  a  part  Very  roughly,  the  resistance  of 
a  metallic  conductor  is  proportional  to  its  absolute  temperature. 
Alloys  are  in  general  worae  conductors  than  the  aritlimetical  con- 
sideration of  their  percentage  composition  and  the  conductivities 
of  their  component  metals  would  lead  us  to  expect. 

There  is  a  broad  resemblance  between  the  couductivitieB  of 
metals  for  electricity  and  for  heat:  the  best  conductors  of  the  one 
are  in  general  the  beat  conductors  of  the  other;  and  in  both  cases 
alloys  oEfer  a  relatively-high  resistance.  The  series  are,  however, 
not  identical 

Variable  Conductivity. — Conductivity  variM  not  only  -with  varjdng 
temperature,  but  alao  with  varyin){  teUEion,  torsion,  or  prvHure.  In  powden 
or  porous  material,  such  es  metal  filings^  platiuom  Epongv,  charcoal,  it  in. 
creases  with  the  prea.iure  ;  and  if  the  pre9aui<e  vary  within  small  limita,  the 
TariaCiuuM  of  conductivity  follow  and  are  proportional  to  the  variations  of 
preaaunt.     ThJa  in  the  prindplu  of  the  Microphone.     In  tach  materiala  Heat 


i 
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rsieea  tbe  iutemal  preasnre  and  therefore  the  contact,  tm<l  this  modifies  the 
auiouat  of  reflistance  and  the  heat  produce)!  withia  the  conductoit :  tbiB  last 
ittwlf  offcctH  thu  cuuduvtinty,  Of  in  the  Tasimeter,  which  detects  changes 
in  leoipoiBturt  by  Uie  vmnation  of  u  cun-ent  pOMiRji;  tlirough  a  rod  of 
uarhon  fixed  between  metallic  supporU,  luicl  exposed  to  voryiiiij  tt:u]p4:niturc8. 
Selenium  varies  in  conductivity  with  it*  Ktalc  of  a(,')^giLLioii,  iu  U-iiiptTaluro, 
the  lentjth  of  time  during  which  a  current  haa  been  poMuit;  tbruiigh  it ;  and 
cryHtalli&e  selenium,  when  acted  npon  by  light  (especially  the  yeUnw  and 
the  riMl),  an<5  to  a  lew  extant  when  acted  upon  by  dwk  rays,  increance  in 
conductivity :  in  the  auw  rff  very  bright  Bunlight  this  incroa«e  b^ing  Rome- 
tuncj  even  tenfold.  Li^ht  of  variable  intensity  prodnceti  conTn]iondLni;  and 
raptdly-ntepoDdinf;  variutionH  in  tlie  conductivity  of  thtt  iT^iitnllinc  Bckniuni 
upon  which  it  may  fall — a  fact  utilised  in  the  fonslruction  of  the  PhoCophone. 
MetaU,  unliliv  selenium,  become  worse  conductors  as  the  temperature  rises  ; 
but  Siemens  a^aerts  that  at  310'  0.  Kleniiim  changes  ita  character  and  oomeR 
to  act  like  a  iul-IuI. 

Reduced  resistance  and  reduced  length  of  a  Conductor. — 

This  may  be  explained  by  a  few  uuiuerical  examples.  We  sup- 
pose the  unit  of  resistance  to  be  the  Ohm,  as  above  defined,  the 
rcsiatance  of  freahly-distiUcd  mercury  in  a  column  of  1  aq.  mm. 
section  and  1  04 93 18  metres  in  length. 

1.  What  length  of  soft  copper-wire  of  1  aq.  nun.  sectional 
area  will  give  a  resistance  equal  to  one  Ohm?  l'049318x 
61-70  =  64-7429106  metres.  The  figure  61'70  is  taken  from 
the  table  of  conductivities  above.  Tbe  Itesistance  of  64'7429106 
meties  of  copper  is  thus  equal  to  tliat  of  1049318  metres  of 
mercury  :  the  deduced  Length  of  64'7429106  meti-es  of  copper 
is  1'049318  metres  of  mercury. 

2.  What  will  be  thu  resistance  of  a  coluion  of  mercuiy  100 
metres  long  and  1  sq.  cm.  in  section  ?  It  will  be  et^ual  to  that 
of  a  cohiinn  of  mercury  1  aq.  mm.  in  section  x  1  metre  in  length 
multiplied  by  I  =  100,  and  divided  by  *  ^  ID*.  It  is  therefore 
■953  Ohm.  Its  reduced  length  is  1  metre  of  standard  mcrcuiy- 
column. 

3.  \VTiat  will  be  the  alisolute  i-esistance,  and  what  the  resist- 
ance in  Ohms,  of  100  metres  of  platinum  wire  whose  diameter  is 

^  millimetre  ?     Its  sectional  area  «  =  ttt*  =  tr  1 5^ )   sq-  cm.  = 

w 

TTfTTi  aq-  cm-;  its  length  I—  100,000  cm.;  its  specific  resiatanoo 

r  is  14752'04  ~-  «' ;  the  Resistance  of  the  wire  is 

-  =  100  000     ^^^^^P^     6400  _  3,005,320.000000 

C.G.S.  electrostatic  nnita,  or  3005-32  Ohms. 
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The  intensity  of  a  current  is  measured  by  a  Galvanometer 
(pp.  620,  G33),  round  the  magnetic  needle  of  which  the  current  is 
passed :  in  the  Tangent  Galvauometcr  the  tangent  of  the  angle  of 
deflection  of  the  needle  is  proportional  to  the  intensity  of  the 
current 

Tlie  intensity  of  a  current  is  eqnal  throughont  all  parts  of  a 
circuit  in  which  there  ia  a  steady  flow.  A  magnetic  needle  is 
equally  deflected  wbea  "brought  into  the  neighbourhood  of  any 
part  of  tlie  circuit,  whether  the  circuit  be  locally  composed  of 
solid,  of  liquid,  or  of  heated  or  raretied  gas. 

Tlie  practical  unit  of  ialcauty  Li  the  iuteniity  of  that  current  whicli  is 

producttd  ill  a  coucluctcir  wlioeu  total  iviiU)Ukuco  in  1  Olun  i=  ann  nnn  ntuvinn 

C.Q.8.  electrostatic  unit),  when  th«re  ii  kept  Tip  lietween  it«  extremitla  a 

potontifll  ■difference  which  conBtantly  aniounte  to  one  Volt,  or  ^-—  COS. 
electrostatic  unit. 


E       1  Vcilt 

Since  I  =  IT  =  T'T^ — 
B        1  Olim 


1 


C.G.S.E,S.  titiit 

C.Q.SJ:.S.uaIl  =  30O0.0OM00. 


900,000,000000 

da  practical  imit  of  iat«naity,  the  .Ampere,  is  «qtial  to  3000,000000  COS, 
cleotawtadc  iiuit«  of  intensity. 

Ik  a  current  wliusc  inbL'neity  ia  one  Ampfere,  the  practical  unit  of 
quantity,  the  Coulomb,  pasece  any  given  ftocdon  during  each  second  : 
th(i  Coulomb  ifl  thus  equal  to  SOOO,OOUOUO  C.0£<.  electrottatic  unite  of 
quantity. 

Electrical  engineers  have  adoptod  the  Ohm,  the  Volt,  etc.,  u  toeuu  of 
practicnl  meaBiircmenC  The  Ohm  an<l  th«  Volt  in  electrical  «-ork«hopa  aie 
not  abetract  ca]cula.tions,  but  itandard  wires  and  staadard  lAttcriee  (or 
mnltiplcfl  or  fractioDB  of  these),  by  compaiison  with  which  the  rasistanctt  ot 
the  E.M.D.P.,  the  ao^alled  electromotive  force,  of  any  gi\-en  cuaihination  of 
tnatenala  may  W  itlatively  DieaeureJ. 

DlmeoeionB  of  Eleotrostatio  Measure. — Intensity — a  quanti^ 

pusaing  per  Bccond  :  ^~^  =-[S  =  [M^UT-'] -;- [T]  =  [MILIT-«]. 
Beninancc:  ^  =  H  =  [MiLiT-']  h-  [MlUT-s]  =  [TL-']. 


m 


lU  _[T 


Specific  Iteeistance:  ''  =  ~r  ~  rr 


Specific  Condactivity :  c 


1 


The  above  dimensioni  arc  bawd  on  the  Bssninption  that  tlie  Quautity 
of  electricity  in  a  current  ia  the  aame  thing  as  the  Qitantity  of  aa  elcetio* 
Rtatic    charge :    tKey    are    iherefure    caUwl     Uimeusiuns    in     £lef 

Me.iaure. 
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Fall  of  Potential  in  a  Homogeneous  Conductor  of  uniform 
thickness. — Duriug  the  maiuteiiaiice  of  ii  hUmhW  ourrfiiL  tme  end 
of  a  iiomogeneoug  conductor  is  at  a  higher,  tiio  «jUier  at  a  lower 
potential,  and  between  these  points  the  fall  is  gradual,  so  that 
intermediate  points  arc  at  in  - 
termediatc  potentials.  Fig. 
215  shows  that  if  the  length 
of  the  conductor  he  rtpre- 
gented  by  CZ,  the  end  C  con- 
nected with  the  positive  pole 
of  the  battery  is  at  a  potential  wliich  differs  "by  (T)!*'  from  the 
potential  of  the  end  Z,  connected  with  the  negative  pole.  The 
Fall  is  steady,  and  dqwiids  (1)  upon  the  difference  of  potential 
between  t}tB  ends  of  the  couductor,  and  (2)  upon  the  length 
of  the  conductor;  it  is  measured  by  the  Slo]ie  of  the  line  PP', 
the  amount  of  fall  of  potential  per  unit  of  length.  It  is  difficult 
witli  sliort  pieces  uf  wire  to  obeerve  tlie  different  ]iotentials  at 
different  parts  of  the  conductor ;  but  when  long  wires  are  used, 
or  when  the  current  is  made  to  pass  through  a  column  of  water, 
electroscopes  may  then  be  attached  to  different  parts  of  the  wire 
or  of  the  column  of  water,  and  will,  if  the  battery  and  conductor 
be  not  insulated,  show  that  the  conductor  is,  near  C\  at  a  positive 
potential,  that  towards  the  mid-point  this  diminishes,  that  tlie 
midpoint  is  a  point  of  zero  potential  (the  potential  of  the  earth), 
and  that  as  we  approach  Z  we  find  the  potential  increasingly 
Mjegative. 

The  same  tUi^jTam  represents  for  a  uniform  conductor,  sucli 
as  a  wire,  the  variations  in  the  density  of  the  superficial  charge 
borne  by  the  wire,  and  in  virtue  of  which  the  potential  falls :  the 
potential  within  the  wire  varies  as  its  superticial  density,  and  the 
equipoteutial  surfaces  witliin  the  wire  are  equidistant  and  approxi- 
mately plane.  In  conductors  of  less  simple  form  the  relation 
between  the  superficial  charge  and  the  internal  equipotential 
surfaces  is  more  complicated  tlian  this. 

Resistance  in  a  Heterogeneous  Conductor. — When  a  con- 
ductor Ls  iiuide  up  of  a  succession  of  conductors  which,  on  account 
of  their  differing  materials  or  conditions  or  thicknesses,  present 
different  resistances  to  the  current,  it  may  become  necessary  to 
consider  each  conductor  as  reduced  to  an  equivalent  length  of  a 
standard  conductor,  such  as  a  column  of  mercury  one  sq.  mm.  in 
cress-section.  For  example :  a  current  passes  successively  along 
(1)  a  metre  of  mei-cuty  1  sq.  mm.  in  section;  (2)  10  metres  of 
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inercnry  1  sq.  cm.  in  section  ;  (3)  1  mm.  of  pure  water  1  cm.  in 
section;  (4)  C5*46  metres  of  soft  copper-wire  4  sq,  mm.  in  cross- 
section :  what  is  the  total  resistauce  of  this  cotnbimition  ?  We 
must  reduce  all  to  a  common  term,  to  reduced  lenj^s  of  onr 
standard  mercury- column.  Then  above  (1)  is  equivalent  Co  a 
DiL'tre  of  such  a  column,  (2)  is  equivalent  to  ^  metre,  (3)  to 
140,845  metres,  and  (4)  to  ^  metre  oC  such  a  mercury  column; 
aud  the  whole  resistance  ia  that  of  140, 846*35  metres  of  the 
Btaiidard  conductor. 

In  a  galvanic  circuit  we  have  to  consider  two  wi*  of  nwifttances  :  than 
internal  to  the  celld,  the  internal  resistance,  B, ;   thoeu  iu  the  condoetnig 

media,  the  external  resietance,  B,.     Then  Ohm's  Law  [i  I  = 


I 


R.  +  R. 

Let  n  cell*  be  lumtig^il,  copper  t<»  coppor,  xinc  to  zinc  ;  the  E.M.D.P,  of 
the  combinntion  in  ttie  mnns  m  that  of  avu:  cell,  and  =  E  Vulta  ;  the  internal 
r«iatanc«  (the  combination   b«iDH    virtually  one   cell  of  n-fuM  huHmv)  ij 

—  OhnLS ;  the  cxtcmnl  rvMstaiicc  is  unaltered.     The  tiit«nuty  ia  tbeTcfotc 
I  =  .^ =  gpj-^  AmiK.i-«.. 


R. 


+  K 


I 


k 


I 


If  the   iiitemiLl   reEUtacice  ha  extremely  siaoll  ia  vouipuiauo   with  the 

n£        E     .        , 

eitemal,  Rj  may  vanish  from  this  cxpnxaiua ;  then  1 "  -s*  =  n-  "Sapvret, 

and  there  is  found  to  be  Uttle  advantage  in  the  uite  of  many  cells  ;  but  it  the 

«E 

Mtcnial  roaictaocQ  be  cxLromely  Bniall,  thu  iutujuily  hccumua  -^,  and  tke 

arrangement  in  Biirfacc  (or  "in  qnantity")  je  the  boat. 

If  B  cells  he  nrmngeii  in  file,  copper  to  zinc,  the  E.M.I>,P.  is  nE  Volt* ; 

the  internal  ruistancc  is  nK,  Ohms ;  And  the  external,  as  before,  B,  Ohms. 

mE 
Tho  intensity  ia  now    p      ■  p-  Ani|>tpi:6.    Thia  luran^cnieut  uf  cells  in  seriea 

(or  "  in  tension  ")  m  the  beat  when  the  jntfrnul  rcfiiHtoiice  ia  cxtremelj  imall 
in  cuuipariBon  with  the  external ;  for  then,  R,  voniiihing,  the  intensity  is 

-^  Amp^rca  ;  witilu  if  the  external  rastetaiice,  on  the  other  hand,  be  oxce6d> 

ingly  BmftU  in  compariaoa  with  the  internal,  tho  inteiutity  ia   —^  *  ~  , 

E 

which  differs  but  little  firom  Vj    ,~-o>  the  inteafiily  of  tho  current  prodaced 
by  one  celL  "*  "•■  "• 

Fur  extremely  great  external  reitistances,  then,  arrange  in  aertfts ;  |^ 
extremely  small  external  reeintancea,  arrange  in  surface. 

■When  iipither  the  int^nial  resifitanee  nor  the  external  can  be  cousiderod 
tut  vnnifihini^Iy  «iiall  the  one  in  comparison  with  tbt-  othi'r,  tbe  best  Brrug»- 
mi^nt  t«  U>  imit«  relU,  ab  ia  mimher,  into  a  fterics  of  b  (.-och  :  in  each  Bexfca  i£' 
b,  the  b  ix\ls  an.-  placed  side  \>y  side,  copper  to  copper,  zinc  to  sine  ;   itwm  ^ 
BOch  oericfl  arc  arranged  in  file,  the  copper  terminal  of  each  series  being  eoa> 
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Qected  with  the  zinc  of  the  next.  In  thU  waj  we  virtually  make  up  a  Urge 
cells,  each  of  6-fitl(l  mirface. 

Ill   each  of  Ihe-He  virtual  large  cellfl  llic  E.MJ>.P.  h  E  Volts ;  tlte  resiat- 

ance  ie  .  tli  of  r  Olims,  the  KBietance  of  a  single  celL     Nov  couple  a  sudi 

krgo  <!clt« ;  the  E.M.D.P.  of  the  combination  is  aE  Volts ;   the  int^^mnl 

rcsiKtmict!  of  thii  whole,  B,,  is  «c|ual  to  a  x   r  Ohma ;  the  intvmitf  of  thxi 

current  producotl  in 

oE        _       flE       _        E 

OT-  +  B,       —  +  B, 1 

fi  '         n  n         a 

Afflpte«a,  where  n  »  a(.  The  denununiktor  of  the  hut  fiuction  is  tho  leoit 
poasible,  tuiii  the  value  bf  the  intuiiaity  conaeciueatly  tlie  greatest,  when 

— ^  =  T .     Wlien  the  inteniiity  is  greatcit,  R,  is  th\w  equal  to  -r-,  or  the 

cxtcniiO  tvfi^tnucc  is  equal  to  R,,  thi;  intvmal.  If  the  ejcttimal  resistance  be 
cquul  tu  uIt,  anil  »ttll  iiioiv  if  it  l<v  ^rcutL-r  thiLU  abr,  thi;  [Jt'olilcui  of  the  moBt 
atlvontuguuuii  iuT(LU)^'iiiuiit  uf  tltc  «-l'Us  iu  i-uuk  and  filu  bucomi^  on  imioluhle 
one,  and  the  cells  must  bu  arranged  in  acriw. 


J^roblcm. 

Sixty  Grove  cells,  in  each  of  which  the  resistoiice  ia  '6  Ohni,  aru  at 
disposal :  a  resistance  of  10  Itilurnvtres  of  soft  copper- wire  of  4  mnj.  (Uaiueter 
is  to  iio  encountered  ;  what  is  the  best  arrangement  of  the  txUn  1  Tlie  ex- 
ternal resiatancc,  K,,  is  that  of  1,000,000  cm.  of  topper  wire  of  erosa-soction 
'126664  aq.  cm.  ami  relative  conductivity  61'V0  :  Uiia  ia  equal  b>  12'2922fl 

Ohms.     Now   ill    the    equation   R,  =  -r-r  =  — r,  R,  =  1229228,   r  =  -6, 

n  =  60  ;  whence  a  =  Sl'8.  The  nearest  feasible  number  correspondiog  to 
thia  value  of  a  is  SO ;  and  tlie  beet  amuigenient  ia  the  ilivision  of  ib«  60 
€(i11h  into  30  vinual  doi)llu-«urfacu  culls. 

If  the  oxUiriial  resislaiKu  be  that  of  one  kilometre  of  suc>i  w'lK,  a  bciu)^ 
found  equal  lo  1 1 'OS,  the  bt-st  aiTrui}?iUK'nt  is  12  isurics  set  in  teiiBiuu,  auJ 
each  containing  6  cells  joined  in  miriocc. 

The  Fall  of  Potential  in  a  Hetero^neous  Oondnctor. — If 
we  draw  a  cJuigrfuii,  setting  out  oti  a  base-line  ami  using  as 
abscissa;  the  reduced  lengths  of  the  aevenil  successive  conductors 
which  make  up  a  heterogeneous  condnctor,  and  if  for  a  moment 
we  let  drop  from  view  the  local  dififereaces  of  potential  set  up  by 
contact  of  different  material*,  then  the  line  of  putentials  slopes 
uniformly  down  from  one  end  of  tlie  heterogeneous  conductor  to 
the  other  end,  and  from  such  a  diagram  wu  may  find  the  total  fall 
of  potential  within  each  corapoiiiint  conductor,  t'ig.  215  very 
diagrammatically  represents  the  fall  of  potential  in  the  composite 
conductor  specified  above.     AA'  ia  the  potential  at  the  junction 
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of  the  slender  and  tlic  tliickcr  column  of  jnercury,  BB'  that  at  ilu 
one  sorface,  CC'  tliat  at  the  other  surface  of  the  water,  OO'  aai 
DD'  the  teiiuinal  potentials. 


n' 


B 


PiB.MB. 


Mercury 


W«t«f 


If  now  we  follow  this  up  with  another  diagram  in  which  th« 
real  lengths  of  t!ie  conductors  arc  suiipoacd  to  be  represented,  w« 
find  a  remarkable  appearance  presented  hy  it  The  potential- hue, 
which  indicates  the  snccessive  falls  of  potential,  is  represented  by 
the  line  O'A'B'C'D'  in  Kig.   217.      Tlie  fall  of  potential   is  ex- 


e  c 


ceedingly  rapid  in  the  bad  conductors,  for  bad  conductors  keep  np 
a  great  difference  of  potential  within  their  substance ;  and  xhs 
whole  Call  of  potential  is  distributed  among  the  component  coa- 
dLctors.  to  each  according  to  its  Reduced  KtsiBtance. 

If  there  be  local  diflereuces  of  potential  within  the  conductor, 
these  must  he  added  to  or  subtracted  fnim  the  total  foil  trf 
potential  for  whitjh  the  conductor  has  to  provide.  Lot  AB  be  a 
conductor,  of  which  one  half  consists  of  copper  wire,  the  other 
half  of  zinc  wire,  of  an  equal  thiclmesa,  and  let  its  extremities  be 
kept  at  potentials  which  differ  hy  2 AX.     In  Fig.  218  AC  is  the 
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(       61-70         \ 
reduced  length  of  the  copper  wire,  and  CB  I  =  -  „        AC )  the 
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reduceil  length  of  the  zinc  wire.  Between  the  copper  and  the 
zinc  there  is  a  rise  of  potential  repFesonted  hy  DE,  which  makes 
the  slope  of  the  line  of  potentials  atceper  tlimughout  the  con- 
ductor. To  BX'  add  X'F,  which  is  equal  to  DE :  connotrt  X  nnd 
F  by  a  dotted  line  Of  this  the  portion  XT)  represents  the  fall 
of  potential  within  the  copper:  the  sudden  rise  of  potential  at  D 
hrings  the  line  of  potentials  up  to  E,  whence  it  is  continued 
parallel  to  XF,  along  the  course  EX',  arriving  at  the  terminal 
potential  X'.  Fiom  this  diagram  another  may  be  conatructed  in 
■which,  instead  of  the  reduced  lengths  AC  and  CB,  the  correspond- 
ing true  lengths  may  be  represented  and  the  correaponding  ti-ue 
slope  of  the  potential-line  found  for  each. 

If  we  take  aa  anutlier  example  of  a  composite  conductor  the 
whole  circnit  of  a  single  one-fluid  galvanic  cell,  with  its  connecting 
wire,  we  find  that  the  corresponding  diagram  presents,  when  the 
conductors  are  represented  by  their  reduced  lengths,  a  form  such 
as  that  indicated  in  Fig.  219.  The  zinc  ia  negative,  the  copper 
positive,    relatively    to 

the   fluid;    and   at  the      ''vS.  TtgMi. 

junction  of  copper  and 
zinc  the  potential  takes 
a  sudden  rise,  for  the 
zinc  is  positive  at  the 
point  of  contact  witli 
the  copper.  We  might 
again  reduce  this  dia- 
gi-am  to  anotlier  in 
which  the  reduced 
lengths  of  the  different 
parts  of  the  circuit 
wnuld  he  replaced  by 
their  true  lengths,  and  the  tme  rfopo  of  the  potential- tine  found 
for  ojich. 

Plow  through  large  Conductors. — If  a  conductor  be  very 
wide  in  comparison  with  the  wires  leading  to  and  from  it,  the 
current  widens  out,  aud  no  part  of  the  conductor  is  free  from 
ec[uipotential  surfaces  and  linos  of  flow.  If  it  be  practically 
infinite  the  resistance  offered  by  it  depends  on  the  radius  of  the 
wires  or  plates  connecting  it  with  the  battery,  and  on  the  specific 
resistance  of  the  conductor  itself :  not  on  the  distance  traversed 
by  the  current  in  the  wide  conductor. 

Somi!  hold  this  to  explain  Uic  fact  tliftt  the  earth  itself  can  "ha  used  iti 
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t«legmphy  in  place  of  a  return  wire  ;  othvn  hold  that  the  earth  in  ibxltM 
does  not  directly  acL  as  a  conductor,  but  aa  a  meaaa  of  bringing  the  tiro  jIm 
embedded  in  it,  and  connected  with  lIlc  rxtremitiva  of  the  single  win  ofr 
ployed,  to  zero  potontial.     In  Fig.  2S0  the  tuMerv  B  is  eonneoted  «U  M 
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g&Ivaiiouiotcrs,  G  and  Q",  bj  a  lont!  tclegraplac  wire  iulvrruptcd  at  A :  it  E 
there  \s  a  key  by  wliich  contact  may  bt-  intuli;  or  broken.  CD  ie  a  wife,  & 
continuity  of  whicli  may  bo  bn)ken  by  atiothi^r  key.  Wlien  C  and  D  ift 
coniip.ctf.d,  and  cnnneclion  made  nt  K,  liolli  i^lvaiiomoters  arc  defl««lMl.  I^ 
liowevf.r,  the  comiectiim  CD  \k  broken,  atid  cnnnectioa  be  suddenlj-  madfit 
K,  the  galvunomclor  G  i«  alrme  (kflectnl  :  tlie  earth  hetwetoi  E  and  K*  do* 
not  iiiniply  replace  the  wire  CD  between  C  and  D.  On  tho  utberhaMdi 
ia  beyond  doubt  that  cmrcnts  do  run  in  thr^  earth's  crust.  A  t4<lep|ioo^  nrt 
of  wioBC  circuit  runs  in  the  straight  line  joining  two  telegraph  ahuioiii^  »S 
pick  np  signals  from  the  earth.tnrpent«. 


Fts.^l. 


Derived  OurrePts. — "Ulien  a  current  in  its  course  finds  Uu 

condnctor  to  divide  and  reunite,  it  divides  iuto  portions  whidi  m 
nlong  the  several  paths  open  to  it.     In   Fig.  221    the  cunctt 

arriving  at  A  divides  into  two  moieties; 
if  the  two  paths  be  equal  in  their  n- 
sistance,  the&o  moieties  will  be  eqoiL 
If  the  resibtaiiires  be  not  equnl.  the 
curnjnt  passing  along  each  hranch  wiD 
be  invei-sely  proportional  to  the  n- 
aiatauce,  for  the  dillereuce  of  potaatiil 
between  the  extremities  is  the  samo  for  eveiy  branch,  aud  in  eaeb 
branch  the  product  of  the  intoaaity  into  the  resistance  ia  eqiud  to 
the  difference  of  potential. 

The  double  path  acta  Hkc  a  sinf^ije  conductor  who«e  resistance  Is  eqnal  t* 
1 


^        1  ,  where  r'  and  r"  are  thu  n«iBlanccii  of  the  two  branches. 


Tbt 


cotiductiag  power  of  the  double  path  (Ibc  reciprocal  of  its  Teaiiitaacc)  u 
buin  of  tliv  uoiiduutiug  powers  of  the  two  hranchee ;  theae  ar«  regpocti 
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-3  and  -Ti ;  their  sum  is  [  -7  4-  -,  K  and  the  testitance  of  the  double  p*tb 


ii 
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Kirclihoff'a  Laws. — I.  Where  a  steady  currect  branches,  tlie 
quantity  of  electricity  airiviug  by  the  single  wire  is  equal  to  the 
quantity  leaving  tlie  junction  by  the  branches.  The  algebraical 
sum  of  the  intensities  of  the  currents  passing  towards  or  passing 
from  the  junction  is  equal  to  zero ;  ^1  =  0. 

II.  In  a  metallic  circuit  comprising  within  it  a  Bource  of 
permanent  ililTcrcnce  of  potential  K,  the  products  of  the  intensity 
of  the  current  within  each  part  of  the  circuit  into  the  coireapond- 
ing  resistance  are  together  etiual  to  E ;  X  (I»0  =  K.  Tn  a  metallic 
circuit  in  which  there  is  no  source  .of  permanent  difference  o( 
potential,  E=0,  and  S  (Ir)  =0. 

This  law  appliea  to  each  several  mesh  of  a  i^nre  networlc  as 
well  as  to  a  single  metallic  loop,  and  it  liolds  good  even  when 
an  extraneous  current  is  passed  thixiugb  the  loop. 

'Wbeatstone'e  Bridge. — In  Y'v^  2S2  tliore  u  repn!iwnt«cl  un  arrange- 
ment  of  conductor*  known  by  riB.iM 

tLi«    naiue^     The    leepective  ^  ^  ^ 

rc'HtsUuiwH,  iiittL'iwitii-j^,  and 
(lirertionH  of  the  i^urrtnt  ani 
indimUii  in  that  fi;jtira  Kirch- 
hoS'a  Lawa  give?  un  rhe  rela- 
:-«n  thi-iKV  Law  I. 
it  at  A,  I  (the  inten- 
ftity  in  ihi-  wire  GuA)  =  Ij  +  I^ 
(1);  thfttfitB,  Ij  =  ±  Ij  +  I3 
(2) ;  imd  tint  ftt  C,  I^  +  I3  =  1 
(3).  Law  II.  shows  thit  within 
the  loop  CZnCiiABC,  in  whjtli 
there  itj  a  «ource  of  itilfi-ntice 
of  poU-utiol  E,  lbe.E.M.D.P, 
of  tile  battery,  E  =  lU  +  I,r^  +  I^r,  (-1)  ;  wliil«  within  tlie  loop  ABD  there 
is  no  galrunic  cell,  E  —  0  lunl  IjTj  +  I^r^  -  I^r^  =  0  (.T) ;  and  Biniilorly 
wntliin  the  lo<ii>  BCD,  If^  -  \r^  +  \^^  =  0  (6).  From  thtae  uqitfttions 
the  vuluc  of  Ij  may  be  ftliowii  to  l>e  ciiiml  to  zero,  wht'n  r,  ;  i-j  :  :  r^  :  r^, 
or  08  ruKanls  rc«i»tau«*,  AB  :  BC  : ;  AI>  :  DC 

To  compnrp  the  TMiBtancca  of  two  conductors,  one  i«  placed  between  A 
nnd  B,  the  other  between  B  and  C  ;  then  the  end  of  the  wire  BD  is  movod 
along  AC  until  the  galV)uioiiiet>.*r  O  gtveit  no  dt^fleetiun.  At  that  moment 
the  rej^iatante  of  the  comluctur  in  AB  ig  to  tlio  rcststniice  of  tlitt  Eonductor  in 
BC  m,  the  len^h  of  AD  \*  to  the  K'ngtl)  of  DC.  A  Bcalu  umler  tlie  wire  AC 
enaUes  thi»  last  ratio  to  be  ivad  off.  If  one  of  the  conductow  coinijurvd — • 
■ay  that  in  AB — be  a  nire  of  known  re&ifitance,  a  Standard  Resiatance-Coil,  the 
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rciiitance  of  tlie  other  may  be  nli^oluu-Iy  muisurcil.  IF  the:  Tv^intancc  in  AB 
"be  exchanged  for  a  tcufold  ri^nisLancc,  the  value  of  the  iv«ietance  in  BC  viU 
seem  to  be  numerically  (timitiislicd  to  a  t«nU>,  and  thufl  rcaintancca  ten  tim«t 
OS  great  can  he  meAsiircd  hj  being  placed  between  B  and  C  In  thiit  wny 
the  iTiii^e  of  the  instrument  can  be  increased. 

When  the  nbuvi!  niliu  uhtaitiH  beLwin^n  lh«  iwvi'iiil  ix-sistaDCC*,  tte 
cumriits  trill  n.'iiiain  iiuchiiii^eil  whvthci-  BD  rvniuin  upeu  gr  dosed,  or  be 
doeed  intwrniittenlly  hy  a  key. 

Meaeurement   of  tlie   £.MJ>J',  of  a  Oolvouic  Cell  or  Battery  wbile  in 

action. — On^  method  out  of  many  may  Iw  selected  as  on  illuGtratiou.      Take 

tlutt  of  Witdemauu.     Twg  hattttriea  or  eeUfl,  the  one  a  staiifUrd  ;  connect  in 

t«iudoo:  the  joint  K.M.D.P.  is  £,-f  £,  ;  the  tnUil  rtui^tAuce  la  r/4-r|"+  B,; 

E  +  E 
the  intennty  of  tli«  current  proiluce<l  is  I  =  —r-r — „■   ''  p  ■     Now  tuzti  one 

r,  +  ',   +  K, 

of  the  bnttories  round,  and  connect  so  that  the  two  now  oppcee  one  aiioUier  ; 

the  joint  E.M.D.P.  im  E,  -  E,, :  the  total  resistance  is  as  before :  iLe  intuxiatT 

E-  E 


is  r- 


Hcnce  E, :  E„  :  :  I  -  1' :  I  +  I'.    E,  the  E.M.D.P.  of  lti« 


n 


standard  cell,  ia  known ;  I  and  I',  the  int«nBitie»,  can  be  observed :  whcnee  E 
can  be  calculated. 

The  Internal  RedRtanoe  of  a  Battery  mny  be  meaeiircd  (by  "Mimct^t 
method)  by  making  it  one  of  Che  four  rcsietonccfl  williin  a  Wheatstoue's 
bridge  (Fig.  223);    one  other  of  the  resifltancea,  nay  AB,  being  rendered 

adjustable  cither  by  nkaking 
P:j[.aM.  AB  consist  of  Rtanaaid  re- 

eistoncc-coils  or  by  the  uie 
of  a  lifaeostat  or  Rbeo- 
chord,  by  which  \iiriable 
quantities  of  wire  or  mer- 
cury, or  flui<I)t  of  varioos 
kiuds  equivalent  to  ao  many 
Ohnia  nisstance,  rnuy  be 
introduccHl  into  AB.  A 
galvanometer  i«  placed  in 
AGC  ;  a  key  in  BD.  Tha 
adjustable  nxi8tanc«>  in  AB ' 
is  varied  in  amount  until  th«  deflection  of  the  galvanometer  beoomee  sn- 
affected  by  making  or  breaking  contact  iu  BD.  The  relation  R^m  :  Rve : : 
AU  :  DC  ajjain  hvUU  good. 

Tlie  luteiiHity  of  a  Current  is  easily  measuivd  iu  Aiup«irE8  when  tiM 
nuiubvr  of  Ohtai  n^Ulancu  and  llie  nutubcr  of  Volt£  which  K^-nuratc  it  aK 
kuunu.     It  may  also  be  inferred  from  eome  of  the  elfect^  of  thu  currcDl^ 

The  Energy  of  a  Cnrrent — In  a  current  of  intensity  I,  tt^ 
quantity,  I,  of  electricity  passes  during  each  second  from  a  placej 
where  the  potential  is  V^  to  a  place  where  it  is  V^;  "but  V.— V -I 
the  fall  in  ila  poteutial,  is  E,  the  electromotive  difference  uf  iK]t«n*| 
tial  within  the  circuit.  Tliis  fall  is  constnut,  for  the  deutromotivei 
difference  of  poteutial  is  kept  up ;  the  Euergy  of  the  current  per 
second  is  therefore  I  x  C^^— VJ  =  IE;  or,  in  the  course  of 
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period  of  timB  during  which  a  quantity  Q  passes,  tlie  total  energy 
is  equal  to  QK. 

E 

Since    by    Ohni*«   law   I  =  p,  we  find  that  the  Energy 

E- 

IE  =  p- ;  Bud  that  it  is  altiu  equal  to  I'K  per  second. 

Tlie  energy  of  a  current  of  one  Amptre- in  tensity  nnder  an 
electromotive  polential-difference  of  one  Volt  is  equal,  since 
Energy  =  EI.  to  (5^  x  JOOO.OOOOOO)  =  lO.OOOOOO  C.O.S. 
units  or  Ergs  per  second.  Tliis  Unit  of  Energy  is  sometimes 
called  an  Anip^re-Volt  or  a  Watt  =10  niegergs.  This  aiuouut 
of  energy  per  aecoud   is  nearly  eq_ual  to  -j^  Horse-pgweTj  or 

Static  Ohargre  of  a  Conductor. — If  an  insulated  galvanic 
cell  be  symmetrically  connected  with  two  long  wires,  also  insu- 
lated, the  two  wires  become  charged  each  with  a  uniform  static 
charge,  positive  or  negative,  as  the  case  may  be.  The  potential 
ia  uniforiu  on  each  side  of  the  galvanic  cell. 

If  the  copper  of  a  cell  be  abruptly  connected  with  the  earth, 
the  copper  becomes  reduced  to  zero  potential,  and  the  zinc  side 
of  the  cell,  together  with  any  wire  which  may  be  attached  to  it, 
haa  its  potential  doubled ;  if,  ou  the  oth^r  baud,  the  zinc  be 
suddenly  connected  with  the  earth,  the  positive  chaise  home  by 
the  copper,  and  by  any  wire  connected  with  it,  is  doubled.  In 
the  former  case  there  is  an  instantaneous  current  from  the  nega- 
tive wire  through  the  cell  to  the  earth :  in  the  latter  case  there 
is  an  instantaneous  current  from  tlic  earth  to  the  insulated  posi- 
tive-wire. 

When  an  open  circuit  is  abruptly  closed  for  an  instant,  an 
instantaneous  current  is  produced  in  the  wire ;  this  coirrent  is  not 
felt  simultaneously  over  TiK.w. 

the  whole   circuit      In  ^ /bVv 

the  case  («)  of  Fig.  224  ^-     ^  KJ^*- 

the  galvanometers  B  and 
B'  twitch  first  when  the 
interrupted  circuit  is 
momentarily  completed; 
in  case  (ft)  of  that  figure,  under  similar  circumstances,  the  galvano- 
meters A  and  A'  twitch  firsts 

When  a  current  is  actually  passing  along  a  conductor,  the 
conductor  bears  a  certain  Superficial  Charge,  varying  in  density 
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from  point  to  point  of  its  surface :  if  such  a  conductor  be  sud- 
denly isolated  by  both  ends  from  the  circuit,  it  retaim  this  charge ; 
and  not  uutU  a  wire  bos  kad  this  rei^uisite  charge  imparted  to  it 
cau  a  Steady  Current  flow  along  the  wire.  Between  the  instant 
at  which  Uie  current  begins  to  flow  and  tliat  at  which  it  becomes 
steady,  there  ia  a  period  of  adjustment,  tlie  Variable  Period. 

When,  a-s  in  Fig.  225,  a  battery  of  which  one  pole  is  con- 
nected to  earth  ha^  its  other  pole  suddenly  brought  into  com- 
municatioti  with  a  long  wire  whose  other  extremity  is  connected 


with  the  earth,  the  time  which  elapses  before  the  current  through 
the  wire  becomes  steady  is  found  to  vary  ns  the  square  of  the 
length  of  that  wire.  Tliis  has  been  proved  by  experiments  on 
aeiial  telegraphic  lines,  and  uu  extremely  bad  conductora,  such  as 
cotton  threads,  whose  conductivity  is  due  almost  entirely  to  tbe 
slight  tilm  of  hygroscopic  moisture  which  covers  their  aurfaoe. 

The  time  spent  in  nrijuiring  at  an^  point  nf  the  wire  a  certain  Axed  ia- 
Lensity  at  ciirtx-nC  depends  (1)  inventcly  upon  the  effective  difliu«iK«  of 
potential  ut  up  by  the  f^alvanic  c^ll ;  (2)  directly  upon  the  specific  reaufauw* 
of  the  conductor  ;  (3)  inversely  upon  its  croas-section  ;  (4)  directly  upun  the 
Miuarc  of  ita  length  ;  and  (5)  directly  upon  ita  electrofltatic  capacity. 

The  titiiu  whicEi  eJapM«H  Iwfckne  a  certain  prapnrtiun  of  t)i«  ultimate  ia- 
t«n»ity  i«  ultuiiK'd  vurita  dirvctly  lu)  tlio  spvdQi:  ni^istiuiuv  of  thu  wire,  and 
very  rvui^hly  m  Hxv  tijiuiru  uf  the  ditUiacv  uf  Llii.'  puint  fiuia  tbe  cell,  and 
ulso  directly  ua  thu  cupucity  and  inrurM^^ly  as  tlio  u-use-iMCtion  :  it  is  alao,  in 
[irauticc,  not  itidcpeiulent  of  the  efTectiva  dilfcrencu  gf  potential  set  np  hy  tht 
gat\'anic  cull  employed,  or  of  thn  Htat«  of  insuktinn  of  the  wire. 

A  lighliiing  diiicharj^  tlimii[>1i  a.  lightning  conductor  is  ao  brief  that  tlie 
tawR  cjf  «iteaily  flow  do  not  hold  ^ood:  it  u  of  fulvantj^c,  in  order  to  diminiah 
the  risk  of  lutcral  divergence,  %»  render  the  current  more  uniform,  or,  in  other 
wordB,  to  retard  it ;  for  this  purpose  the  capacity  of  tlie  conductor  ntiottld  be 
increased,  aud  therefore  ibi  mrfuw ;  mid  lightning  condncton  tihould  l>e  bnwd 
flat  plnte*  of  uieUil  rather  than  coiiipiict  rrxlK.  The  tfFect  of  M-lf-iaductJon  of 
the  ciinvnt  nl«u  aidii  in  linn^'in^  about  this  rt.'tult;  citrr«nt«  runoing  parallel 
■uid  iu  the  mme  dircctioQ  retard  one  aaolher. 

In   a   uniform   wire,   OL,  between    wliose    extremities    the 
difFerenca  of  potential  is  maintained  equal  to  Or  (Fig.   226), 
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the  ultimate  line  of  Potentials  is  PL ;  the  same  line  intUcatca 
the  uuifoniily-varyinj^  Density  of  the  Superficial  Chnrge  from 
point  til  point  ;  ami  p_ 
when  such  a  distribu- 
tion baa  once  been  pro- 
duced over  the  surface 
of  the  conductor,  Ohiu's 
law  is  obeyed ;  but  at 
various  instants  during 
the  prelimiaaiy  vari- 
able period,  the  distribution  of  potentials  over  the  wire  is  such  as 
is  indicated  by  the  curved  lines,  1,  2,  3,  etc.,  sketched  in  Fig.  226. 

When  the  extremity  of  a  long  wire  is  momentarily  charged 
by  contact  with  a  charged  conductor  or  with  one  pole  of  a  battery, 
its  home  end  suddenly  acquires  a  high  potential,  which  is  im- 
mediately thereupon  reduced  by  communication  of  the  charge 
acquired  by  the  extremity  of  the  wire  to  the  rest  of  the  wire. 
In  Fig.  227  the  end  O 
of  the  conductor  OL  is 
suddenly  raised  to  the 
potential  OP.  A  point 
such  as  A  Ls  found,  ba 
it  were,  to  leap  up  to  a 
high  potential  and  then 
to  descend.  A  wave 
of  sudden  increase  of 
potential  thus  travels  along  the  conductor,  but  falls  oft  progres- 
sively, both  in  abruptness  and  in  height,  the  further  it  travels. 

At  the  distant  end,  for  a  short  interval  after  the  circuit  has 
been  actually  completed,  no  effect  is  perceived ;  the  current  then 
begins  to  become  sensible: 
and  it  then,  if  the  contact 
be  kept  np  at  the  home 
end,  appears  to  increase  in 
intensity  after  the  manner 
indicated  by  the  A  rri  val- 
Curve  represent'cd  inFig. 
228.  A  ciirreut,  even 
though  it  be  constantly 
maintained  at  the  home 
end,  would  take  an  infinite  time  to  acquire  its  maximum  %"alue  at 
the  distant  end  of  such  a  conductor  as  an  Atlantic  cable,  if  that 
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conductor  had,  when  the  current  ccmmeaced  to  traverse  it,  b«en 
iniclmrf^ed ;  it  would,  however,  reriuire  ouly  about  108  secoads  to 
iLttuiu  ■^f^  of  its  maximum  value,  and  about  the  firtli-jmrt  of  a 
second  to  attain  y^  of  its  maximum  value.  The  apfMirenl 
velocity  of  tmnsmlssiun  of  signals  is  thus  seen  to  be  entirely  an 
affair  of  the  delicacy  of  the  iustriiniente  which  detect  the  current 
on  arrival  at  the  distaut  end,  and  is  perfectly  disltnct  from  the 
velocity  of  propagation  of  an  electromagnetic  disturbance. 

When  the  current  suddenly  stops  after  ha\'ing  acquired  a 
steady  flow,  its  cessation  at  the  distant  end  presents  a  similar 
deliberation. 

Wlifii  II  wire  in  mnmentiLrily  crmiwc^U-il  with  a  cliuif!^  body  and  then 
conucct'cd  witb  tilt  (uirth,  or  "  put  Lu  earth,"  tbv  arrival-curve  at  JU  dutaai 
end  is  a  curve  due  to  the  BUperpcBttJoa  uf  two  arrirai-curveii ;  the  flnt  of 
theae  is  the  an-lval-curvii!,  resembling  that  of  Fig.  iiH,  due  to  tht  ooDUct 
with  the  cliarged  liody  ;  the  xecond  io  curved  in  the  opposite  Knse,  and  ifl 
dne  to  the  smldeii  di»chfirp!  of  the  comUicl^ir.  The  dotted  carve  of  Fig, 
SS8  U  the  n«ii]t  of  the  stipLTponilion  of  two  xuch  oppotM^d  &rriTal-carvn>. 
This  curve  iudicntcs  thut  there  it  osl  nbrtipt  nnd  brief  varitition  of  jxjtcntikl 
at  the  ond  of  the  wire  dietiutt  from  the  golvimic  cell. 

Mor«  effective  still  than  thifl  in  producing  an  abrupt  and  briff  current  i» 
the  prouaei  of  follomng  up  each  positive  charge  iiiim«diiiU>Iy  aftvr  puttint; 
to  ejirCh,  with  a  iie^tive  one,  tifter  which  the  wire  is  afftim  put  to  earth. 
Th«  diudvantoge  of  this  is  that  the  potential,  while  it  abruptly  cc*m»  to  be 

positive,  »inks  at  onoc  lo  a 
negative  cuuditiuu,  as  in  Ft^ 
229  ;  for  which  reason  it  in 
customary  eo  to  arrange  tbe 
luiii^honism  at  the  MgnaUiD|{ 
fitulioa  that  each  apparently 
I'impk  making;  of  contact  is  ia 
reality  &  complex  operation,  in 
which  an  oild  number  of  cur- 
rent! of  opposite  kind*  «r«  teat 
in  rapid  aucceaaioa  into  lb* 
wire,  the  wire  being,  after  each,  put  to  earth  ;  each  of  these  currents  being 
briefer  than  lla  predeceaaor,  and  torroctinn  •*-  Tlie  arrival-curve  for  such  a 
conibiuntiuii  iiidieatea  an  alinipt  rW-  of  potential,  aii  abrupt  fall,  and  then  a 
jilightly  wiivy  lini",  wliich  at  no  point  diverges  to  any  maletial  eslcnt  from 
the  bHAt'-liiif  OL. 

Evt-n  1)kw  methods  are  increased  in  clTecl,  the  arrival-carve  being  ren- 
dered dtil!  more  abrupt,  by  the  use  of  Acciunulatore  or  Condensen,  as  they 
are  usually  called.  Euch  comJvnscr  i»  composed  of  a  Urge  number  of  plates 
of  tiiifwil  separated  by  waxed  prtju-r  mid  imrafBn  :  the  alternate  plates  are  in 
tuetollic  uotEimiiniuitioii  with  one  another.  One  Apriea  of  alternate  platu  ia 
each  uondeiifLT  is  in  commuaicaUon  with  the  cable  ;  the  other  aet  is  in  cooi> 
munication  with  the  galvanic  battery  or  with  the  (jalv-anometer  Q  (Fig.  SSO^ 
Any  sudden  variation  in  the  potenlial  of  the  landward  plate*  of  the  hom« 
-condenser  is  immediately  followed  by  an  cittislly-audden  flow  of  dwliicitr 
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into  or  from  tlie  c^btewnnl  plHUu  of  that  coii<lenMr:  thio  flow  tjikes  place 
eitlicf  from  or  into  tlie  i-nlrlc  it«o)f ;  thi*  <liitturl>Auce  U  propBgated  nlonR  the 
calila: ;  Lh<-  p:)t«nliiil  of  the  cablvwanl  plHtes  of  the  condi^nser  at  the  rcceiviti); 

Ft*  JUS. 


t^-- Cat^i': 


y. 


Ht&tiun  U  affccteil  ;  l>y  iudnctiou  lKk  dintiihutiun  of  eleiilrkity  in  the  lood- 
wurd  plates  of  that  i-r^nrlctucr  i»  nfri:rt«,-d,  nm)  a  current  jhuhvs  through  the 
galvojiomctur  cither  frnni  tlie  coiid4.-ii«ir  to  the  earth  or  Ui  the  rei-ene  (direc- 
tion. On  connection  of  tlie  home  condcnswr  with  the  positive  pole  of  the 
battery  employed,  a  [m^iLive  current  run^  through  the  <listant  gatvajiomct^r 
O  to  Uit;  civrth  ;  and  on  putting  the  home  vrondenser  to  earth  a  reverse  cor- 
lent  passt*  thniiiKh  G,  which  may  Iw  corrsoUtd  oa  l»cfnre. 

This  oinnot  be  done-  on  land  lini-j  on  account  of  defective  initulatjon. 

Even  if  the  key  he  kept  permanently  pKswd  do'K'n  at  the  traDunitting 
station  the  current  paaaing^  through  Q  is  hut  momcntarj-j  for  l)Oth  condeiuiav 
quickly  OHsiuut;  a  conditioD  of  electrostatic  equilibriuin. 


Effects  op  a  Current. 

Production  of  Heat. — If  a  circuit  be  completed  aud  allowed, 
as  it  were,  tu  run  U)  waste,  no  extenial  work  beiug  Uuite  by  lt> 
heat  is  developed  wiLhiii  the  cell  and  iii  the  coDiluctiug  wire. 
The  Heat  produced  represents  the  total  Energy  of  the  current,  oad 

is  ecinal,  like  that  enerj^y,  to  I*R  (Joule's  Law),  or  to  p  ,  wliere  R 

ia  the  total  resistance  of  the  circuit,  and  I  the  intensity  of  the 
current  actually  passing ;  tliis  is  the  heat  produced  in  each  second. 

A  nnifonn  coppcir-wire  who«te  erosa-section  is  4  sq.  ram.,  and  whow  length 
is  104'93]8  ijit-trfyt,  wmneeln  the  pole-s  of  a  cell  whose  effective  dtfTen'tice  of 
Ijotcntial  in  one  Volt,  ami  whow  iiil«rim!  n^ixlancc  i.*  4  Ohinx,  How  much 
heal  will  he  developeil  during  one  minntv  f 

E  ia  one  Volt  ==  ^  C.G.S.  elcoLroslatic  iinita  of  E.M.D.P.     The  total 

Maatanc*,  R,  is  4  Ohms  mtemal  +  (^^0433,8  x  J  x  gp^jOhnii  «- 

90,000000.000000  ^-Q-^-  ^»«^tn«taUc  unilo.     The 
„  F?  1  440-5 


tcnuU  =  4-405  Ohms  = 


beat  —  _         —  _ 

«»       ""■•"        R        3011^    ■    90,000000,000000 

second  =  136,208,880  crga  jwr  minute  =  about  -^  CaJorie  per  niiiiute. 
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When  B  cuirent  is  mado  to  paas  tliruugh  a  lioterogenaottB 
conductor  composed  of  different  metals,  between  which  there  is 
iEeveIoi>ed  a  constant  difference  of  potential,  tliat  energy  which  is 
wholly  converted  into  heat  when  no  work  is  done  by  Uie  current 
is  divided  into  two  parLi.  Of  these  one  part  obeys  Jonle's  Law, 
and  is  equal  to  I^R,  the  product  of  the  total  resistance  into  the 
square  of  the  actual  intensity  :  the  other,  which  may  be  poeitive  or 
negativef  goes  to  produce  Peltier's  effect,  which  is  the  following : 
— Consider  a  junction  of  metals,  A  and  H,  such  that  when  this 
junction  is  made  the  hot  junction  of  a  thermo-electric  circuit  a 
current  passes  through  it  from  A  to  B :  let  a  current  l>e  made  to 
run  ah  esctemo  through  tliat  junction  in  the  same  direction,  A  to 
B  ;  that  junction  will  under  such  circunistancea  be  cooled,  while 
if,  on  the  other  hand,  the  current  be  maile  to  flow  from  B  to  A, 
the  junction  will  be  heated. 

In  Fig.  S31  OL  it  a  conductor  compoeed  partly  of  zinc,  portly  of  copper  ; 
a  current  is.  mode  to  flow  tJiroiigh  tho  coiuluctor  from  0  to  Lt  between  the 


( 
I 


V, 


^18-281. 


potentials  Y  and  Yrv.     At  tht?  JuncLiun  J  ihere  in  n  nuililen  fall  of  poton- 
«»,  (V„  -  V,,,,     .„  0.  the  i„.,,..y  .  '^^^f;  =  ^  ■  ^i .  i.  aL 

V     -  V 

the  iattiuaity  is  — '-^ — -.     la  both  it  is  vquul  :  iuiaix 

ij 

vhura  EaL  is  tbo  tutal  fall  of  jtuteutiol,  £,  the  roll  at  J,  and  R  the  total 
reaietance.  Henco  Em.  =  RI  +  Kj .  Tliu  Energy  oT  the  current  is  E^l  k  I » 
RI*  +  EjL  Thb  first  part  of  tliis  expreEwiftii,  RT-,  reprenento  heat  di«tri> 
liutftd  over  the  whole  conductor  ;  tlic  r-c t>nd  part,  E,I,  reim-wnte  licAt  locally 
developed  at  J,  and  pmportional  to  the  fall  of  potential  thcrt.  If  the 
current  be  mailL'  to  pas?  from  copper  to  rAnc  thtrc  will  be  a  Tiae,  a  negative 
fall  :  the  heat  developed  at  the  junctitm  vri]!  be  a  negative  tj^iiantity,  and  tlxa 
junction  will  bo  tooled. 

In  a  thermoelectric  circuit  of  copper  and  iron,  Ihe  cu|i[H;r,  which  ■»  noini- 
nally  jiotilive  to  the  iron,  Iwrauma  tlm  current  flowt  from  thu  copjier  to  the 
iron  acrojw  thu  hot  junction,  Ih  in  rvitlitjr  n<;^ttivi*  to  it  Fig.  332  explauu 
thw  :  tho  dotted  Umi  indicatvi  Ujv  foil  of  polfulial  when  the  circuit  is  olnaed  ; 
the  broken  horizontal  line  represeuta  the  potentials  assumed  when  the  eiEcait 
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is  fipen.     The  current  pasaee  down  a  fall  of  potential  at  A,  and  UiercFi?re 

t«nilB  to  hF-jLt  A,  the  cool  juactiun  ;  at  B, 

tbf  hot  juiictioTi,  il  pru<8i33  through  &  rise 

of  potcittiaT  aiHl  tends  to  ctwl  B.     The 

tmnrnt  thercfon;  tcndi  to  heat  the  cool 

and   £ool    the   hot  juocLioa.      ThiB    is 

Peltier's  Effect 

When  a  cumuit  ia  passed  ahejiemo 
Uirough  inin,  cupper,  ii-on  Buceeasively,  it  nf^aiii  ti-nd*  to  beat  the  iron-copper 
oud  tu  cold  thtt  copper- ill  III  jmicliou.  Tlitt  itioiji  ctureiit  is  we^etied  bj  the 
reverse  thenDcH.dvcLnc  curi'ciit  pitKUiced. 

Thonifioa'e  EffocL — The  Ramt!  thiiiH  may  occur  oven  within  a  Kinglt* 
luetaL  Uot  iron  is  negative  (or  thermo-^lectriually  positive)  to  coUter  iron  ; 
a  euri'eut  passing  withiu  a.  inusa  of  iron  trou;i  a  hotter  regioa  to  a  colder 
travels  ogoiuut  pi-o^^jtiseivety  ruing  pott^iiLJuU  And  cuols  the  iron ;  pasaiug  bom 
cold  to  hot  iron,  it  hcatu  tlic  iron  repccially  in  tbv  hotter  region.  ThoHi* 
ctfectfl  are  reversed  in  copper,  for  hot  copper  is  po«itive  (or  thfrinookiittic- 
ttlly  negative}  to  colder  copper.  The  Thomnon  etfocW  ue  opposed  to  the 
Ptdtier,  Aiid  explain  KeverMil. 

When  a  circuit  ia  composed  of  various  coniluctoTS  which  suc- 
cessively offer  <li0"erent  resistances  to  the  current,  the  heat  produooil 
is  distribnted  among  them,  to  each  according  to  its  raiiatance. 

Numerical  Example  : — A  circuit  cuusi^tiug  of  ouG  cull  wbo»e  £.M.D,P.  is 
1*8  Volts,  and  whoeu  internal  lutiKtaucQ  ia  0'7S37  Obuifi,  oud  of  on  external 
conductor  composed  of  6*170  metres  of  soft  oopper-wire  4  Eq.  mm,  in  cpoiw- 
BPctifiM  in  which  is  interpolated  n  pifioe  of  platinum  wire  ^  mm.  in  diar. 
and  4  cm.  in  kngth,  will  have  a  total  rc/iistance  amounting  to — Battery 
0'7337  Ohm,  Mii]W'rwii«  j^  Ohm,  and  platiniun  wire  (e4)UiT&lent  to  a  mercury 

column  ( X  — -   1  metres  lone  and  '007854  wi.  mm.  in  KctioD)  7513 

Vioo     &iej  ^  '  ' 

15 

Ohm;  OP  wi  the  whole  1 '600  Ohma,  or  COS.  electroolatio 

9,000000,000000 

nnita.     Wc  awume  that  a  Blwidy  cin-LvtiL  coii  ho  Rtt  up  and  niaintainod  for  a 

second  within  such  a  circuit,  and  fiirtJicr,  thdt  tailiation  and  conduction  of 

heat  may  Vw  »ut  a«iile.     Of  the  total  heat  produced  —-^^  is  developed  in 


1-500 


Iho  hattery, 


■085 


in  the  copper  wire,  and 


■7613 


in  tbo  BmoU   piece  of 


1-600  "'^"        "'  1-500 

]datiiuim  win-.     The  total  heat  produced  in  a  second  is 

R  (  \30uJ  '  H,00i>000,0»0000  J 
C.G.a  units  or  ergs ;  tliia  is  2 1 ,600000  ergs  or  (21,600000  -^  4  l,S73,02.*i,J76) 
Calorie*.  Thu  heat  evolvwl  in  th*^  liallery — '4825  of  the  whole— wouUl  be,  if 
we  siippiistr  the  battery  to  contain  I  kilngriimine  of  material  of  a  mean  apecjfir 
heat  of  0  S.BufiBcient  to  raise  it«  temperaturij  by  about  000313'  C.  in  a  second  ; 
that  evolved  in  the  copper  wire  (whose  wti^ht  is  about  2 1 7  grammca  and  «p. 
heat  =  0095)  by  about  -0004*  C. ;  while  that  tilwriit<?d  in  the  platinum 
wire  (whose  wuight  is  about  0-0270  grow.,  and  whose  fp,  beat  =  OfP326} 
w&uld  be  competent  to  niK  ft  in  a  wcoud  to  the  temperature  of  290*  C 
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Production  of  Light — "VVlicn  one  part  of  a  circuit  preseutsa 

relatively-great  rosistflnce,  the  gwntcr  part  of  the  heat  lievelopecl 
■within  the  circuit  is  concentrated  within  that  part.      When  tho  ^ 
local  renistance  is  due  to  a  thin  platinum  wire  or  a  thin  (ilament  ■ 
of  carbon   or  of  carbonised   paper  or  vegetable  fibre,  that  bad   ~ 
conductor  is  so  far  htated  as  to  emit  a  considerable  amount  of 
light.     This  is  illustrated  hy  the  various  forms  of  incandescent 
lamps. 

Those  in  which  the  carbon  filament  ia  arranged  within  a  vucuuiu  give 
ont,  according  to  the  type  uf  lutiip,  lli*^  iintiilwr  iu  tircuit,  uid  the  intetutty 
of  tlie  ciuTHiit  t^mploywd,  u,  liRlit  (.■qniil  to  timt  of  from  10  to  21  caiuUM  6*ch; 
tliu  fitll  uf  putMitijil  ia  each  lump  ia  from  50  to  91  Volt»,  tli«  r««i«taiic«  ta 
from  27tu  to  I37w  (j>.,  OlrniB)  each,  and  tlie  intensity  of  ihc  current  neuw- 
Miry  to  keiip  up  the  light  ix  from  0'70  Amp.  to  I'Tti  Amp.;  a  light  equal  to 
that  of  Trom  flfi  to  115  candlcrt  being  proihiced  for  CAch  horse-power  aiwut  on 
the  rtynanio-etfctrfc  mnchinca  which  (jenerale  the  doetric  current. 

If  tho  cotTioii  filament  be  no  conRtmcted  m  to  present  the  rorm  of  « 
hollow  tube,  of  relatiTely-great  Burfaco  and  small  sctaal  cio«*-«cclion,  ihc 
laroinoua  cflici«ncj  of  the  lamp  ix  grently  iucreaacd  (Bcmatein,  Curto). 

"When  too  strong  a  current  is  driven  through  such  n  lamp,  the 
superficial  particles  of  the  heated  carbon  arc  scattered  throughout 
the  vacuum ;  the  carbon  ia  volatilised  and  cnndenacd  on  the  -wall 
of  the  lamp:  so  with  platiuum  and  iridium  heated  above  1 700    C 

Whou  a  strong  electric  current  is  driven  through  a  carbon  rod 
to  a  thicker  piece  of  carlwti,  the  thin  rod  bucomes  heated ;  when 
this  takes  place  iu  air  the  carbon  burns  away  rapidly;  but  if  tho  i 
rod  rest  loosely  by  one  end  upon  the  thicker  niiiss,  the  contact  is 
always  maiiitained,  and  the  light  ia  fairly  steady  so  long  as  any 
carbon  remains. 

When  the  interposed  resistance  ia  that  of  a  certain  thicknc 
of  air,  tlie  current  will  not  puss  unle.S8  tlie  interval  be  so  small  or^ 
tho  dififercncfi  of  potential  on  its  two  sides  he  so  great  that  a  apork 
can  fly  across  it.  When  this  i»  the  case  the  current  is  established 
across  the  inter\-al.  If  the  poles  be  of  carlwn,  their  extremities  m 
liecome  intensely  hot  and  wear  away  by  oxidation  iu  the  air.  | 
The  intervening  air  becomes  so  good  a  conductor  when  intcnselj 
heated  that  its  resistauca  alone  will  not  explain  the  resistance 
offered,  by  the  voltaic  arc  to  the  transmission  of  the  cxinvnt. 
This  is  due  to  a  kind  of  thermo-electric  effect.  The  positive  pole 
is  hotter  (4000*  C.)  than  the  negative  (3000° -3500*  C);  it 
becomes  tlicrmo -electrically  nogativn ;  this  tends  U>  produce  a 
reverse  current.  A  phenomenon  similar  to  this  is  observed 
between  tho  various  ports  of  a  llanie. 


I 
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The  positive  pole,  being  the  hotter,  wears  away  about  twice  as 
fast  as  the  negative.  The  problem  cf  electric  lighting  ia  to  keep 
the  arc  in  the  same  place,  t}te  carbons  being  allowed  to  approach 
one  aiiothcT  as  far  an,  and  only  as  far  as,  is  Deccssiiry  in  order  to 
make  up  for  their  wear. 

In  Jablochkflff'fi  and  Jnniin's  candles  tfac  two  iMirboTis  are  rods,  parallel  to 
nn«  another  and  at  miuaX  length ;  tbc  afc  paaseti  bctw^n  their  apicea.  If  the 
current  piusctl  iu  ono  dircction  only,  one  carbon  would  wear  away  faster  tlian 
the  other;  the  carbons  would  thus  ceaM  to  he  of  the  «atiie  ItiM^th.  The 
curreDtfl  used  must  rapidly  alternate  in  Lht^ir  dirwtir>ii ;  both  oirlMiuK  xrv  thuit 
equally  worn  awny  atid  the  k-iif^th  iif  llm  arc  {«  coitatanL;  tut  all  such  ulter- 
uatii^;  currfiit^  niukr  much  iioiw  in  the  lamp. 

Th«  fnll  (jf  (H)Ujiitial  in  iiuch  a  lamp  i*  from  42  to  77  Volts;  the  iateusit)' 
of  the  current  imKlucing  the  light  from  35  to  10  Ainp^reB,  and  the  coadles 
par  horse-power  ISK  to  313. 

In  arc-lampa  two  carbon  points  are  placed  opjwsite  to  ono 
another,  and  it  is  the  part  of  a  special  regulatory  mechanism  to 
keep  the  carbons  at  a  constant  distance  apart.  Such  regulating 
mechanisms  depend  for  their  action  {!)  upon  variations  of  inten- 
sity of  the  current  traveling  the  lamp,  or  (2)  upon  variations  ia 
tlie  diiTerences  of  potential  between  the  two  ends  of  the  arc,  or 
(3)  upon  departures  from  a  predetermined  relation  between  this 
difierence  of  potential  and  the  intensity  of  the  current,  or  (4)  upon 
variations  iu  the  amount  of  heat  developed  in  the  arc. 

The  resistance  of  the  voltaic  arc  is  about  Ijw  :  the  liill  of  potential  ia 
from  32  to  &8  Volta ;  the  light  produi:cd  ia  from  SflO  tu  SOO  ^undk'a  per 
lionu-powi^r,  according  to  thu  arnm}^mi:nt  of  thi:  circuit. 

The  huat  dcvulopL-d  in  the  arc  hoJ  hcen  utilised  hy  Mcisrs.  Sieiuona  and 
HuDtington,  who  produce  the  electric  arc  within  the  interior  of  a  cnicibU, 
and  by  its  means  fuae  very  refractory  mi^taU  with  considerable  expedition. 

When  the  electric  arc  is  produced  between  carbons  in  vaevo 
n  beautiful  glow  ia  obtained,  the  negative  pole  being  auiTounded 
by  a  blue  aureole,  and  the  iwsitive  by  a  stratttied  pale-blue  light 
The  carbon  evaporates,  the  vessel  becomes  filled  with  a  blue 
vapour  wliich  darkeus  to  indigo,  and  this  condenses  and  renders 
the  whole  opa<iue. 

If  a  v«ry  little  vapour  of  bisulphide  of  carbon  be  introdmred  into  the 
vacnum,  the  light  becomes  uuBUpportably  bright,  and  of  an  extremely  brilliant 
green,  Ita  spectrum  presents  chaimelled  regions  iu  the  niid,  yellow,  green. 
and  violet,  which  look  lilcv  dupUcntca  of  one  another  t«prudncu>i  iu  different 
coloun  (Jamin). 

Geisaler'a  Vacuum  Tubes. — ^Wlien  a  discharge  of  high  E.D.P., 
09  from  an  electric  frictional- machine,  or  an  "  induction  coil,"  or  a 
battery  of  400  Groves,  is  sent  through  a  mass  of  rarefied  gas  con- 
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tained  within  a  so-called  vacuum  tube,  that  gas  glows  with  a 
bright  light,  characteristic,  as  regards  its  apectnim,  of  the  gaa 
exposed  to  tliis  operation.  The  positive  pole  is  surrounded  by  a 
bright  glow,  the  negative  by  a  set  of  striee. 

If  the  vacuum  be  very  good  and  the  tube  containing  the 
rarefied  gas  be  somewhat  narrow  at  its  middle,  the  glow  breaks 
up  into  strite,  wluch  Sow  and  flicker  if  the  current  which  produces 
them  be  in  the  sli^jhtest  degree  variable. 

The  discbarge  throuj^h  a  vacuum  ia  shown  to  be  disruptive 
by  the  fact  that  the  fall  of  poLeutial  ia  the  vacuum  tube  is  inde- 
pendent of  the  KD.r.  of  the  circuit;  and  the  striae  seem  to 
indJcnto  that  it  is  pulsatile,  not  contitiuoua. 

TbL^  approach  of  cxtemul  condiictora  Kpch  the  inteniAl  glow  and  euum 
its  deflection  ;  and  the  glow  is  deflected  l)y  A  maf;nct  in  the  aanie  way  u  a 
wire  bearing  a  cnircnt. 

In  very  high  vacua  the  discharges  from  the  two  poles  of  a  vacunm  tnbe 
appear  to  be  iinlependent  of  one  another :  each  pole  discharpea  it«elf  witboot, 
as  it  were,  fwling  the  eiindition  of  the  opponite  pole  of  Ihe  tube.  Btca 
wh«rtt  hoth  arc  poeitivc  they  may  (liw.'lmrg<!  towards  one  another  into  the 
Bune  apace. 

Electrification  of  Radiant  Matter. — When  the  rarefaction 
of  a  gaa  is  extreme  (one-millionth)  its  matter  becomes  radiant 
The  movement  of  its  molecules  may  be  guided  and  rendered 
manifest  by  electrili cation.  In  a  Geissler's  tube,  the  matter 
tilling  which  is  radiant,  the  molecules  which  come  in  contact 
with  the  negative  pole  are  at  once  repelled  from  it  in  lines  at 
right  angles  to  its  surface.  Energy  is  imparted  to  these  mole- 
cules by  the  electrified  negntive-pole,  and  where  these  molecules 
strike  each  other  or  other  molecules  tliey  produce  an  internal 
glow ;  where  tliey  strike  glass  (or  diamond  or  ruby)  they  produce 
light  and  cause  phosphorescence  ;  they  also  produce  heat,  so  that 
when  they  are  directed  from  a  concave  negative-pole  upon  a  piece 
of  platinum,  the  energy  conveyed  by  them  brings  that  piece  of 
metal  to  its  melting  point;  and  when  they  strike  a  movable 
body  they  produce  obvious  mechanical  effect  (Crookes). 

Two  BtTeaniK  of  inolcrulcA  proccnuUng  from  a  forked  negative-pole  r«|iet 
one  another  IJho  two  siniikrly-clcctrificd  gold  leavea,  ami  the  negatiTslx- 
elflctrifled  porticlen  which  constitute  such  a  atre&m  are  ntLracted  and  dufledcd 
from  their  eonrac  hy  a  magnet 

Chemical  Effect  of  Electrification. — Wlien  two  metal  tubes, 
of  which  the  one  is  positively,  tlie  other  negati\-ely  charged,  we 
arranged  so  as  to  form  a  double  tube  with  an  annular  channel. 
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and  wbea  gases  are  passed  tlirough  this  channel,  tlieu  chemical 
efiecU  are  sometimes  produced,  as  where  oxygen  subjected  to  this 
treatment  becomes  in  part  converted  into  ozone. 

Chemical  Effects  of  a  Oorrent — EUectrolysis. —  lu  most 
Cftsea  if  a  liquid  permit  tha  passnf^c  of  a  current  throii>:rh  it,  it  is 
decomposed  by  the  conductor ;  in  other  words,  moat  liquids  which 
poasess  conductivity  are  elttctrolytos.  A  few  liquids,  such  as 
alcohol  and  ether,  though  not  absolutely  non-comluctive,  are  not 
decomposed  by  the  passage  of  a  current. 

Let  us  take  as  an  example  tlie  effect  of  a  cjirrent  upon  a 
solution  of  hydrochloric  acid  in  water.  In  such  a  solution  insert 
two  platinum  plates, — the  one,  the  positive-electrode,  connected  by 
wire  with  the  copper  plate  of  a  sufficient  battery ;  the  other,  the 
negative -electrode,  with  the  zinc  or  negative  plate.  Each  mole- 
cule of  hydrochloric  acid,  HCl,  consista  of  one  atom  of  liydrogen, 
11,  and  one  of  chlorine,  CI ;  the  former  is  electropositive,  the  latter 
negative.  A  molecule  of  HCl  (the  chemical  symbol  being  used 
as  an  abbreviation  of  the  name)  near  the  negative-electrode  is 
torn  asunder;  its  electropositive  hydrogen  is  attracted  by  the 
negative-electrode  and  liberated  on  its  surface ;  the  eleetronc^a- 
tivo  chloriue,  by  one  means  or  another,  finds  its  way  to  the 
positive -electrode,  which  by  a  secondary  reaction  it  attacks  and 
dissolves  with  the  formation  of  PtCl^.  It  is  possible  that  the  free 
chlorine-atom  may  travel  directly  to  the  positive-electrode,  for 
when  liberated  it  is  in  effect  a  charged  particle  within  a  field  of 
force;  but  it  aeeras  more  probable  that  a  chlorine-atom  is  liberated 
at  the  surface  of  the  positive-electrode  at  the  same  time  as  a 
hydrogen-atom  is  liberated  on  the  surface  of  the  negative-electrode, 
and  that  the  remaining  atoms  and  the  intervening  molecules  re- 
adjust their  mutual  relations 
according  to  a  method  the 
mechanism  of  which  is  in  all  ~ 
probability  that  indicated  in 
Fig.  233.  In  that  iigiiro  {a)  "' 
represents  a  line  uf  molecules  tj 
arranged  end  to  end  along  a 
line  of  force ;  (b)  the  effect  of 
thedecompositionofamolecule  di 
at  each  end  of  the  line  ;  {c)  the  _ 
mode  of  readjustment  by  what 
may  be  called  a  wholesale  exchange  of  partners  on  tbo  part  o£  all 
the  atoms  all  along  the  line,  and  the  fonnation  of  a  new  set  of 
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mulecules  out  of  the  materials  of  the  old, — this  heing  a 
which  there  is  chemical  evidence  for  bclievinji  to  ho  alwnj*3  gmng 
on  irregularly,  hut  which  is  here  directed  hy  the  condition  of 
the  field  of  force  between  the  electrodes ;  and  (rf)  the  revonal  of 
the  direction  of  all  the  molecules  tiius  formed,  every  molecule 
l)eing  turned  rouud  in  the  field  of  tbrce,  so  that  its  negatii 
chlorine  comes  to  fuce  the  positive-electrode.  In  course  of 
all  tho  chlorine  will  be  found  to  have  travelled  to  the  positive] 
electrode,  and  nil  the  hydrogea  of  the  hydrochloric  acid  to 
negntive-elecLrode. 

In  such  a  molecule  as  that  of  copper  sulplmte,  CuSO^,  tho  copper 
plays  the  part  of  the  hydrogen  of  the  previous  example,  while  the 
part  of  the  atom  of  chlorine  is  taken  up  by  the  atom-group  or  aalt- 
rndtcle  S(>^.  The  gronp  RO^  could  not  undertake  a  trajectoiy 
through  B  fluid;  it  would  break  up  into  SO,  and  O;  whence  tha 
necessity  for  the  apparently  complicated  explanation  of  the  last 
paragraph  for  the  simpler  but  analogous  case  of  hydrochloric  acid. 
The  copper  liberated  at  the  negative-electrode  forms  a  film  opoa 
that  electrode ;  tlie  SO^  liberated  at  the  positive-electrode  reacts 
secondarily  upon  the  water  present;  SO^  +  H,0  =  HjSO^  +  O; 
the  positive-electtode  Is  surreuuded  by  sulphuric  add,  and  oxjgm 
a  liberated  on  its  surface. 

If  a  solution  of  sulphate  of  potash  be  decomposed,  the  molecule 
K^O^  is  divided  into  K,  and  SO^ ;  tlie  SO^  causes  the  evnlutioci 
of  oxygen  as  a  secondary  product  at  the  positive- electrode ;  the 
potassium,  by  the  reaction  K,  +  2H,0  -  H,  -I-  2KH0,  caoaes  t^ 
evolution  of  hydrogen  at  the  negative-electrode.  Here  the  wa&er 
seems  to  have  been  decomposed ;  the  apparent  deoomposition  at 
water  is,  however,  a  secondary  result  of  the  deoomposition  of  the 
K,SOj.  Pure  water  can  only  with  extreme  difficulty  be  doooB- 
posed ;  it  is  an  extremely  bad  conductor,  and  perhaps  if  perfeotfy 
pore  it  would,  like  alcohol,  not  be  found  to  be  an  electrolyte  at 
all,  and  possibly  not  even  a  conductor.  When  metallic  salta  are 
dissolved  in  it,  so  that  its  conductivity  is  improved,  it  beoomea  aa 
aleotrolyte — -a  property  not  confined  to  water,  but  paiiioaBoJ  alaa 
by  such  substances  as  oil  and  bisulphide  of  carbon,  which  in  tfaa 
pure  stato  are  non-conductors. 

The  secondary  reactions  met  with  in  electrolysis  depend 
upon  the  time  which  is  allowed  for  them,  and  are  therefore 
favoure<l  by  ciirrents  of  small  intensity. 

If  copper  chloride  be  electroh-sed  between  copper  electrode^ 
the  one.  the  negatave-elcctrode,  is  thickened  by  a  deposit  of  copfiai. 
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while  the  other  is  worn  away,  being  nttauked  b)-  the  chlorine ;  and 
the  intorvoiiing  solution  of  copper  chloride  is,  if  the  decotnpoaing 
current  ho  fctble,  maintainetl  in  its  statii  of  saturation;  but  if  the 
decomposition  be  very  rapid  the  solution  of  the  eopj>i?r  electrode 
does  not  keep  pace  with  the  evolution  of  cMonne  upon  it,  and 
the  solution  becomes  'weaker  in  copper  and  acid  in  its  reaction. 

The  Becontlar>'  reactions  obeerx-ed  are  enmotimc^  very  peculiar.  Wbca 
iiydrofrhkric  acu]  ia  dpcnmpiwi^d  the  chlorine  evolved  nt  the  pasitivc-tlnctrodB 
attftcka  the  wattr  pwwnt  and  libcpfttirs  oxygen,  wliii;]i  in  its  turn  atUickfl 
wrae  of  the  hydrochloric  acid  forua-d  anJ  produc«^  chloric  (ind  perr.hloric 
oclda.  Wlien  No^CO,  is  docompuaed  Na  appcAnt  at  thu  ncgAtivc  pok'  (pro- 
ducing a  secondary  fvolulion  of  hydroynn)  and  CKaO,  at  the  positive  pole; 
this  laat  groiip  rtsavtH  nimn  wjiler  and  t'urnta  oxygen  antl  NaHCOj ; 
2UNaOji  +  HjtO  =  0+  SHNuW,.  Whou  NuHCOj  i»  dwoiujiowd  it  produces 
Nu  and  CHO,,  and  thtn  2CH03  =  2COa+ ii,0+ 0.  When  formic  ueid 
{H.COOH)  is  elcclrolyatd  it  bi-coks  up  into  U  and  COOH  ;  thun  2C0UH  + 
HjO=  SH.COOH  +  O,  or  formic  odd  and  oxyj^'cn ;  bnt  the  oxy^uu  reacts  upon 
Bome  of  the  formic  acid  ptEaont,  and  then  H-COOH  +  O  =  H^O  +  COjc  Whtu 
fused  caUBtic-^Hitaflb  h  eIectrolyH)>d,  K  appfuini  at  the  ne|;utiv«,  HU  at  the 
poBilive;  this  coalesceft  into  HjO„  ftnd  hreaks  up  into  H,0  and  0;  but  if  this 
action  lie  slow  the  K  art*  upon  some  of  tlic  water,  ami  hytlrogi'n  la  evolved. 
The  nascent  hydrogen  evolved  at  tho  neKit'vc  pole  will  attack  a]iU;]iyde», 
forminK  alcohols,  and  thus  certain  ill-todtcd  rongb  alcohula  may  bu  greatly 
improved. 

Farada/s  Laws  of  Electrolysis. —First  Law. — The  quantity 
of  au  electrolyte  decomposed  in  a  given  time  varies  directly  as 
the  intenaity  of  the  current. 

A  current  whose  intensity  is  n  Amperes  will  decompose 
0'000,0973»  grammea  of  water  per  second. 

A  yoltamoter  u  ut  iiiBtrument  in  which  a  current  U  nuulo  to  pass 
throu^b  acidulated  water  between  pliitiEiutn  eWctrodes:  Uie  acidulated  water 
h  in  part  decoBipiMcd,  and  the  hydrogen  ami  oxyy'Jn  reHultinf;  from  the 
Bocondary  ducompoeition  arc  colkel*^  in  a  graduated  tube;  thennmunt  of  the 
mixed  giues  cau  be  n^ad  off,  and  the  wei};bt  of  tli«  vatcr  dcconipoH<-d  readily 
omcrtoined;  a  Btmpte  proivortton  gives  the  intenaity  of  the  current  actually 
pOHstng  through  the  vrtltAui«t«^r.  IiioU^jul  of  nieaauring  the  quantity  of  goa 
evolved,  vn^  may  wci);ii  the  ipiantity  of  copper  dupoiiitcd  from  a  Hulution  of 
copper  lulpliate;  a  current  of  one  Ampiro  intensity  depoiits  -000330676 
graninie«  of  copper  per  second. 

Inttead  of  sending  tbe  whole  current  throtigh  the  voltanii-ti-'r,  we  may 
itend  a  known  fmctiona)  part  of  it  l)y  arranging  two  paths  for  thu  citrrcnt ; 
imc  the  main  wire,  reolstancc  r;  the  other  u  branch  wire  entering  tlm  volta- 
meter, and  a  wire  again  connecting  the  voltameter  with  the.  main  wire ;  the 
nnetiuice  in  this  «ida  track  ie  G;  the  intenaitios  in  the  two  paths  will  be 
imenely  m  r  and  R.  If  wo  make  R  =  3&r,  and  if  I  bu  the  nteaaured  inten- 
sity of  the  cumint  in  this  greater  reafitonce,  the  current  in  the  miiir;  wire 
will  have  an  mtenatty  of  391. 
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Faradas^'s  Second  Law. — The  law  of  electro-cheuiical  equi- 
valence may  be  divided  into  the  following  proposi Lions,  of  'whirii 
the  lliird  may  be  regarded  as  a  paraphrase  of  the  hxw  itself : — 

1.  The  gramme-equivalent  of  a  metal  ia  that  quantity 
which  will  replace  one  gramme  of  hydrogen.  For  example :  in 
comparing  HCl  (H  =  l,  Cl  =  35-5)  with  AgCl  (Ag=  108,  CI  = 
35-5),  we  find  Ag  (  =  108)  to  be  equivalent  to  H  <  =  1) ;  the 
gramme -equivalent  of  silver  is  108  grammes.  In  comparing 
CuSO^  with  Hj90^  we  find  Cu  (  =  63-5)  equivalent  to  H,  <  =  2) ;  ' 
the  gramme-equivalent  of  copper  i^  31'75  gi&mmes.  H 

2.  Tlie  gramme-equivalent  of  a  aalt-iadicle  or  halogen  is  that 
quantity  which  will  combine  with  oue grauune of  hydrogen.  In 
HCl,  35'5  grauuries  of  cliUiriue  unite  with  1  gramme  of  liydrogen ; 
the  gramme-equivalent  of  chlorine  is  35'5  grammes.  In  HNO, 
(H  =  1,  NO,  =  62),  C2  grammes  of  NO,  unite  with  1  grm.  of  H ; 
the  gramme-equivalent  of  NO,  is  62.  In  H^O^  (H,=  2, 
SO^=:96)  the  gramme- equivalent  of  SO^  is  48  grammes.  In 
HjPOj  (H,=;3,  PO^  =  95)  the  gramme-equivalent  of  PO^  is  3IJ. 

3.  When  a  curreut  whose  intensity  is,  after  the  current  haa 
become  steady,  equal  to  n  Amp&res  passes  through  a  solution  of 
a  salt,  0CiO0,010,415»  gramme-equivalents  of  the  salt-radicle  or 
halogen  are  liberated  at  the  positive  pole,  aud  a  corresponding 
quantity  of  the  metal  at  ths  tiegative,  durlug  each  second. 

A  ciirrcnl  is  sent  simtiltancomly  tbrougli  a  aoliitiuii  of  ru|iric  chloride 
uul  a  solution  of  cuprous  chli)ride,  aiirl  cuntinufH  to  |>ux>i  t)in>ut{h  both  eoln- 
tioim  for  fiv«  minuter  ;  ita  iiitBiwity  is  18  AmpvrrB  ;  t.'oni]iar(!  tlie  amoimta  of 
copper  di'poBitwl  on  tlie  iM^iiUvr-tOectrotU**  in  tl«;  two  Bolutione.  In  t»eh 
the  AUouDt  of  the  hfllog«ii  — tin;  cljlorint;  — liberated  is  (000010415  x  18 
Amp.  X  300  ecc)  pxuniDc -eciuivalent^,  cr  (-00001041&  x  18  X  30O  x  SS-fl) 
grantiueti.  In  CuCl^  every  71  ports  of  olilorioe  an  cnmbined  with  63'(V  of 
copper  ;  tbe  oopper  depoeited  from  liic  CaCl^  i^  therefore 

j  {-000010415  X  Ifi  X  300  X  35-fi)  x  ~  I 

la  CugC'lj  every  71  porta  of  ctdorine  are  combined  with 
the  copper  di.-poHittii]  from  the  Cu,CIg  aoluUon  ia  therefore 

i  (■00001041&  X  18  X  300  x  35-5)  X  -^-^  >  KtomniM,  doable  the  qunntit? 

deposited  by  tbe  Kune  ctirrcnl  from  a  ioluliou  of  cupric  chluridc. 

In  decomposing  an  electrolyte  Work  is  done  by  the  current ; 
ita  Energy  is  spent  in  producing  Chemical  Decomposition. 
energy  absorbed  in.  Uie  decomposition  of  say  9  grammes  of  wi 
is  equal  to  the  heat  liberated  hy  chemical  action  and  change 
physical  state  when  1  gramme  of  hydrogen  and  8  of  oxygen  tkie 
exploded  together  and  condensed  into  water. 
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Work  done  on  ^ecompoMtion,  if  Mich  work  W  other  than  diemicol,  caiuc* 
divergencee  from  Faradny'n  second  law.  Such  work  U  Joue  wlieii  tht'  jjro- 
ducla  oi  deconipo&ition  of  a  hquid  liecomfi  ga»coue,  or  when  Lite  luctul  of  ou 
«li:i:trulyle  is  lifWil  up  towanls  the  negative  fk-ctroJc  ;  whilu  llio  untrgy  of 
tho  eurruul  la  iiicreowed  wli«u  thenv  tuciiuisLiucci!  mv  ivvcratd. 

TUe  relatiou  of  the  eoergy  liberated  hy  the  chemical  action  of 
the  battery  to  the  heat  produced  in  the  batter)'  aud  th«  eimrgy 
spent  in  doiug  electrolytic  work  is  Kpi-eseuted  by  thti  equation — 

Battery  •energy  »  Heat  evolved  in  baiter/  +  Electrolytic  work  done. 

The  last  term  cannot  be  grpator  than  tlift  first ;  if  it  were,  the 
heat  developed  in  the  batterj'  would  be  a  negative  quantity, 
iiml  the  batteiy  would  go  on  indefinitely  cooling  itself  as  well  as 
all  surrounding  objects — an  impossibility. 

In  u  Ditnivll  cell  the  replareinent  of  one  p'ni.-equiTl.  of  copper  ( =  31  "75 
yiiui)  by  ODu  j[rnL-e(|nivt,  of  zinc  (=  32  8  Rnnc)  in  attended  with  the  evolu- 
tion, of  24  2  Ciiloi'ies  of  heat;  in  a  Otove  the  energy  evolved  la  ilOuIvc 
avetj  ),'nu.-equivt.  of  Zu  diwolved.  "Whvu  I  grui.  H  and  6  grUL  O  uuilu 
to  form  onu  i^rm,-fi]iiivU  of  water,  345Cu  of  huut  arc  evolved.  A  Biaglc 
Grove  cell  can  theivfure  decoinpuHc  wator  ;  a  single  DauiuU  caimul.  Two 
BUch  celiti  are,  however,  able  tu  effect  decompoeitiuu  ;  tho  energy  supplied  hy 
two  cell»  aniinged  in  tension  is  douhle  that  supplied  by  one,  even  thoiigli 
the  resiatunceH  be  to  iulju«t4.-d  tltat  tlic  cunrrnt  pTodiued  ii  of  thv  same 
inleiuiity  :  for  Encrny  =  EI,  and  if  E  bii  iloubk-d  tliL'  cncr^  i*  doubled. 

A  dingle  cell  will,  however,  decouipOM  nutter  if  tho  poai tive.4- let t rode  be 
of  a  nnliMl-^iu^H  niicli  as  (.-opper,  which  will  combine  with  oxyf!,tti,  aud  Lher^iby 
liberate  eiier}{y  atiflicipnt  l<j  make  up  tlie  fleficii-ncv  iii  tljat  Niipplii^d  bv  the 
ooU. 

The  proceM  uf  electroIyKts  is  turned  to  piAclical  accoant  iu  tho  arts  of 
eLectropIatiu;u  etc.  ;  the  article  to  be  covered  with  a  tuetallic  Sim  is  morje 
the  negative-electrode  in  a  snitable  soluttoa  of  the  uietaL  The  po&itive' 
electrode  is  often  itaelf  made  of  the  metal  to  be  deposited  from  the  aolution  ; 
as  the  Rieiiil  i.i  deposited  from  the  nolution  upon  the  negntiTc-t'lectrode,  thi? 
positivc-electrijdc:  in  attaclced  and  itssub»t«nce  (lisAolvbd  in  th«  soltition,  which 
is  thuft  kept  naturutcd  if  the  nctioti  be  not  too  rapid. 

When  a  miiicd  solution  of  ac(^tato«  of  lead  and  copper  (Nobili),  or  n 
•olntion  of  litharge  in  cjiuatic  potash  {Beequcpcl),  is  electrolystd  bitwetn  two 
«Ieclniilejt,  of  which  ihf-  licgntive  ia  a  sharp- pointed  platiuum  win-  or  ftt«^el 
iifiedlo,  while  the  ixwitive  id  a  Urge  ]>lat*  of  nilver,  genuan-wlvt-r,  silwrtHl 
copper  (»|iiniKlc  mrUd),  or  fvi-ii  Ihin  nhett-inm,  the  current  heiiiH  onr  of 
relatively-KTeat  E,D.I'.  (16  to  20  very  mumII  Biiueea  cells  mounted  in  lile), 
there  is  formed  on  the  positive-el ettrode  a  aeriea  of  rings  concentric  with  the 
point  of  the  negative-electrode,- — Nobill's  riii,9B,  produced  by  deposition  of 
PbO^.  If  the  poaitlve -electrode  he  complex  and  consist  of  two  or  more 
poinlx,  or  if  eurrcnUi  be  made  lu  run  through  K)rae  of  these  points  towordi 
the  plate,  while  in  othert!  the  direction  ia  rcvcreed,  the  rings  ore  uodil^ed 
into  represcntiLtionB,  in  iridcHcciit  lim-H,  of  complete  systcjiiH  of  equipoleiittul 
surfaces  ((lUdbhard). 
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Polarisation  of  Electrodea.— Wlion  platinum  electiocles  haw 
been  used  iu  tht;  (.iectmiixjsititin  (if  water,  tJie  negative  oqb  is  found 
to  contain  a  uertain  quiuitity  uf  hydrogeu  not  only  adherent 
to  its  sitrfoce,  but  also  ocicludtsl  witliiu  ita  substance ;  wliile  the 
positive  one  carries  similarly  a  certain  quantity  of  oxygen.  These 
oxygen  and  hydrogen  films  tend  to  produce  a  reverse  current,  which 
w^ens  the  main  cuTrcnt.  Wlien  the  main  current  ceases  the 
i-everse  current  continues  for  some  time  and  dies  away  gradually. 

The  occludtd  hydrogen  ia  very  gradually  reduced  by  the  oxygeu  broai^ 
to  it  l>y  tW  ivverac  current,  and  a  corresjiuciding  quantity  of  bydrogco  u 
liberattid  nu  Uk  puaitivi;  pi>]ii!,  where  it  i»  occliuleil  by  tbv  electrode  vr 
dinolved  by  the  wntvr.  Thiii',  tliotigh  »  current  piuwes,  nu  protliicts  TimiblT 
a|>|>enr. 

In  Orovd'e  giiH-battcry  n  numlHir  of  Biicb  L'lectrodea  are  amitiged  eo  u  lo 
pve  II  cumnt,  or^ — which  atD^junts  to  the  eamc  thing — a  circuit  is  arrangMl 
in  which  n.  current  iirtsses  through: — (1)  water;  (2)  n  p1itt«  of  platinam 
stanrlin)^  pnrtly  in  vatcr,  pArtly  in  hydrogen  gas ;  (3)  conducting  wire  ;  (4) 
a  pirvtc  of  phUiQuro  standing  partly  in  an  atmosphere  of  oxygen,  partly  in 
the  water. 

If  electrodes  of  pallddinni  Vic  iiKcd  in  the  decomposition  of  water,  tht 
negative  one  abaorba  ah  much  iia  93G  vaU.  of  hydrogen,  with  which  it  foruu 
an  alldy  greater  in  aiT-f.  than  Ihv.  ori^iiuil  electxixle. 

Tlie  electrodes  in  such  a  case  are  said  to  be  poIniiBOd,  and 
their  polarisation  within  a  givuu  flubatanco  is  the  best  test  us  to 
whether  that  substance  is  really  an  electrolyte^  VTorm  glass  is 
thus  found  to  be  actually  an  electrcilj'te. 

Secondary  Cells  and  Batteries. — ^Wlien  acidulated  water  U 
deipomposed  between  electrodes  of  lead,  the  negative  clccttcde 
rftmaiths  bri^dit,  hut  the  [joaitive  becomes  covered  with  a  film  of 
PbOj.  When  the  current  ceases,  if  the  positive  and  negative 
electrodes  be  connected  by  a  conducting  wire,  a  reverse  curreat — 
a  polarisation-current,  or  Secondary  Current— passes;  the 
film  of  PbOj  is  negative,  tl»e  lead  poaitive. 

The  reverxc  uction  appears  to  be  (QWlBtone  and  Tribv)  in  the  tii»in  the 
following; : — 


PbO,  I  HjSO^  1  HjSO^ 


which  Ix'coraeit 


Pb  =  PbO 

+ 


HjO 


U^Of  I  Pb30. 


PbSO,  I  HjO 


tifi 


pbso^. 


Sulpliate  of  lead  is  formed  on  both  plfttes,  while  PbOj  i«  formed  on  the  pod- 
live  plate  by  aecondarj'  reactions. 

An  arrau^j'oment  of  this  kind,  into  which  a  current  of  electri- 
city (;au  be  puiKed  oud  a  reverae  or  secondary  current  obtained  at 
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will,  is  a  Secondary  Cell ;  and  aecoudaiy  cells  may  l>e  grouped 
into  Secondary  Batteries.  Plant^'s  original  form  of  secoudary  cell 
Gonsisted  of  two  lai^e  lead  electrodes,  separated  by  a  sheet  of  felt, 
rolled  up  into  a  spiral  and  immersed  in  1 0  */,  dilute  sulphuric  acid. 
,ure  improved  this  by  covering  both  electrodes  with  n  layer  of 
-lead  (if  about  1 0  kiloga.  per  aq.  metre,  held  on  by  layers  of 
felt  and  parchment  between  the  opposed  plates.  Wlieii  a  current 
has  been  paased  into  a  so-called  Faure-accumulator  for  some  time, 
the  red-kiui  ou  tlie  surface  of  the  negative  electrode  is  eoiiverte<l 
into  spongy  lead,  whUe  that  on  the  po«itive  electrode  ia  oxidised 
to  PbO^.  This  improvement  grently  abrlilges  tlio  tediuus  pro- 
ceaa  formerly  necessary  for  clmrging  PlaJitf^'s  accumulators. 

In  the  Faure-Sellon-Volckniar  accumulators  there  is  no  felt ; 
the  plates  of  lead  are  pierced  or  cost  with  holes,  into  which  therc 
is  compressed  a  quantity  of  red-lead,  of  reduced  lead,  or  of  a  salt 
of  lead.  One  of  these,  weighing  140  kgr.,  and  composed  of  43 
plates,  gave  (Hospitalier)  a  current  of  120  Amp.  for  6  hours. 

The  efficiency  of  these  batteries  is  in  part  due  to  the  fact 
that  their  porous  metal  or  oxide  is  in  close  contact  with  the  lead 
plate,  and  is,  on  account  of  its  porosity,  able  to  retain  large 
quantities  of  the  oxygen  or  hydrogen  which  is  evolved  when  an 
external  current  is  yiaased  through  the  accumnlat<^)r. 

When  the  secondary  eurreut  has  passeil  for  aouio  time,  Iwth 
films  become  mainly  converted  into  similar  compounds  of  lead,  and 
the  apparatus  is  ready  for  a  renewed  charga 

When  a  secondary  battery  is  charged  by  two  or  three  Grove 
cells  and  disconnected  from  them,  it  will  be  rapidly  discharged  if 
connection  be  established  between  its  poles  by  means  of  a  thick 
wire.  From  fifty  to  sixty  per  cent,  or,  in  the  newer  forms,  a  still 
greater  proportion  of  the  energy  actually  sunk  in  it  can  be  recovered 
in  the  form  of  the  energy  of  the  secondary  current.  Wlien  the 
cells  of  a  secoudary  battery,  charged  side  by  side,  are  disconnected 
from  the  source,  and  then  connected  in  series  and  discharged,  the 
electric  current  produced  ia  one  of  high  tension  or  great  fall  of 
potoutinL  Tho  E.D.r.  of  a  single  cell  is  about  225  Volts,  and 
heucu  a  hundred  such  celts,  first  arranged  in  surface  anrl  charged 
by  prolonged  connection  with  a  few  cells,  can  be  made  for  a  short 
time  to  ijass  a  current  of  E.D.P.  =:  22  5  Volts ;  such  a  current  pro- 
duces much  heat,  together  with  vibration  and  cntmpling  of  the 
conducting  wire.  The  intenial  resistance  of  these  oells  is  very 
small,  being  only  O'OOG  Ohm  in  a  single  cell  whose  surface  ia 
about  300  sq.  cm. 
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A  aeeonilar}'  cell  of  abuut  18  lbs.  wi.>t|:ht,  tlic  plutce  in  which  nrc  eieli 
abaat  fi  »q.  feet  in  area,  will,  when  charged  by  thr«e  LecLuichi-ii,  k<s;i>  at  a  white 
hcnt  ilurinf;  d  U>  U>  minntei  a  plutiiiuin  wire  of  j',  inch.  Ainr.  and  8  inchs 
long.  A  pik>  of  tlii*  weight  kept  conctjiiitly  connectwl  n-ith  three  or  foar 
Leclanchf^  clemcDte  (whicli  ivqiiire  liltle  att«»IJon  hcjond  that  of  kee|iuig 
them  moist)  is  a  vcnr  conri^nictit  moans  of  heating  such  a  thing  aa  a  gil- 
vanocautcry  wire,  which  muHt  be  i&iwd  to  a  high  tenvpcrature   for  a  afaoct 

tillUi. 

Electrical  Storage  of  Energy. — When  Eiierj;:)'  is  stored  np 
in  bent  atetl  8prin^'.s,  about  3'J24  megerj^s  per  kilogramme  can  be 
stored  up — i.e.,  40  kllogrs.  can  be  lifted  through  1  metre  hy  the 
elasticity  of  a  spring  weighing  one  kilogramme. 

When  it  is  stored  up  in  compressed  air,  1  kilogr.  of  air  com- 
pressed to  one-sixth  contains  2,250,000  megergs,  of  whicli  about 
450,000  can  be  recovered  in  the  form  of  work. 

When  it  Is  stored  in  secondary  batteries,  about  500,000 
megergs  per  kilo,  of  secondary  battery  are  stored  up,  of  which 
from  250.000  to  330,000  may  be  recovered  if  the  batteries  be 
used  within  a  day  or  two  after  charging. 

The  great  fault  of  those  accumulators  in  their  praBeut  form  is 
their  waut  uf  dtirahility. 

Equalisation  of  a  Corrent. — A  current  passed  through  one 
plate  of  an  Kleclroatatic  Accumulator  will  be  apparently  absorbed 
•when  the  current  is  increased,  and  will  be  given  out  equably 
when  the  current  falls  off;  such  an  accumulator  is  therefore  com- 
petent to  play  the  part  taken  by  a  flywheel  in  the  mecliamcal 
transmission  of  power. 

Similarly,  secondary  cells  may  he  made  to  serve  as  r^nlators 
of  a  current  if  they  be  fitted  up  in  the  course  of  the  conductor  in 
tlie  manner  indicated  in  Fig.  234.     The  direction  of  the  secondaiy 
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current  is  indicated  by  the  dotted  lines  and  arrows  connected  with 
the  secondary  cell ;  it  opposes  the  main  current  In  0  +  DC2  — ,  but 
aids  it  in  DEC. 
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The  Btnamicaj.  Pbopekties  op  a  Current. 

The  pheoomeaa  of  a  steady  electric-cnrrent  are  not  confined 
to  the  coaducting  wire,  for  the  space  surrounding  the  wire  bear- 
ing a  cuiTcnt  ia  found  to  be  in  a  pecuJinr  condition — a  condition 
wliicli  can  bo  explained  as  due  to  displacement  of  the  ether  or 
other  dielectric  or  medium  filling  that  spa<ie,  and  one  which 
it  seems  impossible  physically  to  account  for  on  any  other  aatis- 
factory  basis. 

The  condition  of  the  space  innnediately  aurruuuding  a  current 
may  be  explore*!  by  means  of  iron  Jiliugs,  If  a  conducting  wire 
be  passed  vertically  through  a  bole  in  a  piece  of  card  or  of  silver- 
paper  adjusted  to  a  horizontal  position,  and  if  iron  filings  be  then 
sprinkled  upon  the  card,  and  if  the  card  be  gently  tapped  down- 
wards so  that  the  filings  may  leap  into  positions  spontaueoualy 
assumed  by  them,  they  will  be  found  to  range  tliemselvea  in  con- 
centric circles  round  the  current,  while  each  QLng  becomes,  for 
the  time  being,  a  little  magnet. 

The  spnce  round  the  current  is  therefore  an  Electromagnetic 
Field  of  Force,  peiTneated  by  concentric  ci:-cular  Lines  of  Ji'orco 
and  by  K«]uipotcntiaI  Surfaces,  which  are  at  right  angles  to 
these.  The  equipoteutial  surfactfl  all  liave  the  line  of  the  current 
for  their  common  edge  or  boundary.  If  the  current  he  straight 
the  equipotcntial  surfaces  are  planes  ;  and  if  they  were  visible,  and 
if  the  current  could  be  looked  at  end-on,  so  as  to  appear  a  mere 
point,  these  surfaces  would  seem  to  radiate  from  it  like  equidistant 
radii  from  a  centre. 

The  Linos  of  Force  mark  the  direction  in  which  an  ordinary 
magnet,  such  as  a  small  compass -needle,  when  placed  within  the 
field,  tends  to  place  itself.  The  one  end  of  the  magnet  is  driven 
in  one  direction,  the  other  end  equally  in  llie  opposite  direction 
along  these  lines  of  force :  the  magnet  is  acted  upon  by  a  couple, 
which  acta  upon  the  two  extremities  or  poles  like  the  hands  on 
the  handles  of  a  copying  press — one  pole  being  pushed  or  repelled, 
the  otlier  being  pulled  or  attracted,  until  the  magnet  lies  along  a 
line  of  force.  The  efieetivo  components  of  the  couple  gradually 
diminish  as  this  position  i^  being  assumed,  and  the  couple  ulli- 
inattily  ceases  to  produce  further  rotation ;  and  further,  since  one 
pole  is  attracted  as  much  as  the  other  is  repelled,  the  magnet  as 
a  whole  under^goes  in  such  a  field  no  movement  of  translation. 

The  direction  in  which  a  current  tends  to  throw  the  positive 
or  north-seeking  pole  of  a  magnet  placed  in  its  neighhoiu-hood 
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is  shown  by  fig.  335.     This  directioa  is  called   the   PositiTe 
Direction  of  the  lines  of  force.     The  current  in  the  figure 

vertically  upwards  ;  the  Tositive  pole  is  tlirown 
nir-sss  the  Left  Hand  of  the  Curront.  This  exprefision, 
^.^  k....,,^^  left  hanil  of  t)ie  current,  is  obtained  by  suppasing 
C^__  t  .^^  t'le  current  to  be  replaced  by  a  person  whose  head 
is  at  B  and  feet  at  A,  and  who  turns  so  as  con- 
stantly to  keep  the  luagnet-pole  in  full  ^-iew. 
The  relation  between  the  direction  of  the  current 
and  the  positive  direction  of  the  lines  of  force  is 
always  the  same  as  that  between  the  propulsion 
of  the  point  and  the  twist  of  the  hand  in  the  ordbary  use  of  a 
European  corkscrew. 

Conversely,  action  and  reaction  being  opposite,  stationaiy 
positive  magnet-poles  tend  to  throw  movable  upward  curreuta  to 
their  left. 

For  negative  magnetic-polea  the  directions  given  are  revereed 
Further,  Linear  Currents  act  upon  other  Linear  Currents; 
but  they  do  not  throw  them  to  the  righi  or  loft ;  they  attract  or 
repel  them  directly. 

Iij  Fig.  236  AB  is  a  curreut;  round  it  there  are  a  number 
r^;^  of  lines  of  force.     Let  an* 

other  current,  parallel  and 
in  the  same  direction,  be 
brDu;»ht  to  CD :  then,  be- 
tween AR  and  CD  the  lines 
of  force  of  the  two  currents 
are  opposed,  but  beyond  CI) 
they  concur  in  Uieir  direo' 
tion.  Tlie  result  is  that 
tiie  medium  beyond  CD  is 
in  a  state  of  greater  con- 
straint tlian  that  between 
AB  and  CD ;  so  is  that  to  the  left  side  of  AB ;  and  the  two  con- 
dttctors  are  impelled  towards  one  anotlier.  If  the  current  in  AB 
be  oppwuet]  lii  that  in  CD,  the  liirections  of  the  lines  of  fon» 
coincide  between  AK  and  CD,  but  are  opposed  beyond  AB  or  CD, 
and  the  stress  is  sucli  as  to  drive  AB  and  CD  asunder.  If  tlw 
currents  in  AB  and  CD  be  at  right  angles,  approaclung  one 
another  (Fig.  237),  the  current  in  AB  has  lines  of  fbice  whose 
direction  is  upwards  on  the  left  side  of  AB,  downward  on  its 
right.    The  current  CD  ho^  lines  which  would  depress  a  positira 
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pole  placed  in  the  upper,  and  raise  a  positive  pole  placed  in  the 

lower  part  of  the  figure.     The  „.    

concurrence  of  linos  of  force  is 
in  the  upper  pnrt  of  the  dia- 
gtani  (Fig.  as*?):  if  the  current 
AB  be  fixed,  the  conductor  CD 
is  repelled  in  a  direction  con- 
trary to  that  of  the  course  of  yp 
the  current  in  A,  If  the  cur- 
rent iu  CD  piisa  from  D  to-  " 

wards  C,  the  eonducltor  CD  tends  to  move  in  the  same  direction 
aa  the  euirent  in  AI^ 

TL(.-(>v  rcsulte  'w'vrL-  iint  EUiuiuuriscil  iu  Amp&re's  formula,  by  whivEi  thi; 

uttiBcliuQ  biitweeii  verjr  guuUi  clumeate  of  two  Imcar  circuits  vrwi  stated  to  vary 

If 
u  1 1'^  {3  an  8  an  $".  OM  m  ~  coa  & .  cob  ff\  wh*re  I  and  1'  are  th«  inlf-n- 

ftitiea   of  the  currents  passing  in  Flf.ass- 

the  two  wireH  ;  I  an>il  t  the  Length 

ol  th«  eU-iij«iita  ;   <{  llie  .IMin.-.' 

lictweuii  tht;ir  iui<l-]"jiut.'- ;    nil  r'. 

0',  ii>  luv  the  jiiigies  whidi  ilcU-i- 

ijune   their  relativu   direction   ae 

follows: — Ench  plpmpnL  makes  an 

angle  9  or  0'  with  UiL-  liii*  Ali ; 

bitt   furtbcr,   ttioMi    «lL-mcnt«   me 

situated  in  pliuics  which  inaki^  au  so^lc  m  with  one  nnother. 

We  niiiy  tjike  louie  particular  ciutes. 

Let  botl)  current*  Ii«  in  t)ie  plane  of  the  papi'r;  the  uigle  lu  =^  Q  ;  coti 

bi  =  1 :  ¥  «.H'  ^^  (i  fin  e  lan  ff  -  cos  fi  cob  ^0- 

1.  Let  hoth  ciirrunta  he  itantUcl  to  Aii ;  0  =  0,  ^=  0;  sin  6  =8ta  &" 

W 
»0;eoad==co3  &"  ^  I }  Fes-H'jf.    Twuelemiiuts  of  current,  eud-ua 

to  one  another,  anci  ruuning  in  the  some  direction,  repel  one  onftther. 

2.  Irft  bi)lh  lie  at  riglil  angles  to  AB ;   fl  =  fl'  =  i)0'  ;  itos  6  =  0  ;  sin  0  = 

1;  Foe  2l  I'-j:*^  •     Two  clemeiLt*  of  current,  parallel  and  abreast  of  one 

another,  rmming  in  the  same  direction,  attract  on«  another.  If  thc7  b« 
oppoaed  in  (iii-Ection,  the  product  1 1'  ja  negative ;  then  F  i»  negative,  and  the 
matual  Bclion  in  one  of  repuHon. 

3.  Ijet  one  he  at  riyht  angles  to  AB,  tlie  other  parallel  to  it  ;  6  =  90*  ; 
C  =  0.  Can  0  =  0^  titi  &;  coa  0'  =  1  =  ^n  6.  ¥  =  0.  There  is  no 
appreciable  action  between  two  extremely  small  eleiuentu  One  of  which  points 
end-on  and  at  ri^ht  angles  to  the  centre  uf  Uie  other. 

4.  Let  ouu  he  al  ligbt  angles  to  AB,  the  other  at  any  other  angle,  my 

,—         W 
46*.     $  =  90",  ^  =  46*.     Fco  «/a  1 1'-^  .    Two  cvincnta  diverguig  from 

a  point  attract  one  another ;  if  one  of  Uie  currents  be  reversed,  they  repel 
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oDo  Another ;  if  both  bo  levetaed,  bo  Uut  both  wavtrge  upon  an  angle,  tber 
attrsct  one  another. 

5.  Trro  elementa,  B  anil  A,  pumlleL  iu  tbvir  direettOD ;  the  randUat  fiaeo 
is  one  ot  attnctiod  betw«eti  B  and  A.  A  Bitnilor  element  at  A'  attnwCs  B 
towards  A'.  Of  tlicM  tvo  aitnictions  the  reeullaut  is  towards  O.  Pain  of 
auch  elemuatfl  symmetrically  longed  to  an  infinite  distance  cm  either  side  of 


0  malio  np  an  infiiiitu  conductor  whoac  attraction  for  B  is  oa  the  aegrepAB 
Fix  j^  X  length  uf  ckmuiil  B.     The  uttruction  of  an  inlinite  current  far  aa 

element  of  current  running  pomllcl  with  it  ii^  directed  along  a  lino  at  ri^ 
anglta  to  both  currents,  and  id  inverHcly  prupurliuiuil  tu  the  distance  beitreen 
them. 

6.  The  di^mcnt  B  pofwcit  towards  0  ;  A  and  A'  are  v^ual  elements,  svm- 
metrically  arranged,  of  an  infinite  current  nlong  AA' :  A  attract  B:  A' 
(^tially  n^pda  B  ;  the  rceultont  i&  in  a  line  parallel  to  AA',  and  tenda  to 
diiTe  the  current  iu  the  direction  A'A. 


R«tultnnt 


FIC.B40. 


The  farmala  of  GnuumAnn^  ClAUsins,  Hdmhollz,  and  others^  w 
pBHA  over. 

If  a  wire  bearing  a  straight  current  be  bent  into  a  cloeedj 
circuit  or  loop,  ita  cqiii  potential  surfaces  ore  modified  into  a  seriMi 
of  bowl-shapoci  surfaces  which  still  have  the  wire,  the  cnntotir  of] 
the  circuit,  for  their  conunon  eiige  or  boundary.     A  circular  car- 
rent  would  have  equi potential  surfaces  whose  general  form,  looked 
at  in  section,  is  indicated  by  the  undotted  curves  of  Fig.  241,  in 
which  the  linea  of  force  are  shown  at  right  angles  to  the  eqtiipo- 
tentiul  surfaces.     To  one  side  of  the  cii-cuit  the  potential  is  posi- 
tire,  to  the  other  it  is  n^;ative.    The  positive  side  of  the  circuit 
is  audi  that  au  observer  standing  girdled  by  the  luhx-iiL,  with  hi» 
bead  iii  the  positivu  regiou,  would  sue  the  uurreut  pass  rouud  liim 
from  liis  right  tuwardtt  his  left  hand. 

If  another  circular  circuit  bo  brought  near,  and  if  the  dinc^J 
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force  between  the  two  circuita  ia  approxunatcly  uniform.  He 
lines  of  force  are  all  clossd  curves,  but  some  of  thorn,  those 
which  pass  up  the  centre  of  the  region  between  tlic  circuits,  take 
a  relatively-wide  sweep  into  space,  and  seem  to  radiate  ftom  er 
convei'ge  upon  the  external  face  of  either  circuit. 

A  large  number  of  such  circular  circuits  arranged  so  as  to 
have  a  common  axis,  and  thus  to  form,  as  it  were,  the  outline  of 
a  cyliiider,  would  form  a  ao-calleil  Solenoidal  system.  Such  « 
system  would  have  Lnes  of  force  radiuLiiijj  from  eacli  extremity, 
taking  a  more  or  loss  ample  sweep  iato  space,  returning  into  tbe 
PirMS  ^I'P^^^^'^  extremity  and  passing  up  the  axial  region  of 
tbe  cylimler;  each  line  of  force  being  thus  a  cloeed 
curve.  Tiie  external  electromagnetic  field  of  such  a 
sulenoiil  system  would  be  identical  with  that  produced 
by  a  system  consisting  of  dd  attracting  disc  at  the  one, 
and  a  repelling  disc  at  the  other  extremity  of  the 
solenoid  ;  and  such  a  solenoid  would  by  one  of  ita 
extremities  attract  the  nnrth  and  repel  the  south 
pole  of  a  compaaa-needle;  while  by  the  other  it  would 
attract  tlio  north  and  repel  the  south  pole.  Such  i 
solenoid  would,  so  far  as  its  external  action  it 
concerned,  act  like  a  har-maguet,  and  Auip^'s 
theory  of  Magnetism  is,  that  m^iets  and  soleuoid  systems  of 
currents  ai-e  fuudanieutttlly  ideiiticaL 

A  aolunuul  lu&y  be  ruii[;til^  rcalifieil  by  winding  a  wins  into  a  narrtrw 
spiml  and  bringing  the  two  r.xtT'emitiefl  Kii^k  to  the  »u>if^  point.  The  error 
introduced  in  each  turn  of  the  .spiml  by  it«  cli;pftrtiire  from  a  pciCect  lioe- 
form  ifl  ronghly  compcnMited  by  the  return  of  tlic  wire  (Fig.  S43). 

This  identity  of  action  of  Magnets  and  of  Solenoidal  Curwnl- 
systcms  being  premiaod,  we  now  proceed  to  give  a  rapid  sunuuanr 
of  the  main  phcnumcua  of  Magnetism. 


i 


* 


Maonrhsm. 


4 


Some  bodies — a  piece  of  loadstone,  a  compass-needle,  a  wire 
spiral  through  which  a  current  ia  passiug — tend,  when  suspended 
by  their  centra  of  gravity,  to  lay  themselves  in  a  definite  direction, 
and  to  place  a  definite  line  within  them,  their  Magnetic  Axis,  d 
in  a  definite  direction,  which,  roughly  spooking,  lies  north  and 
south.  The  same  bodies  have  the  power  of  attraclinj 
Such  bodies  are  called  Magnets. 

Magnets  may  be  divided  into  Permanent  (loadstone,  bar 
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jaiaf,Tiiets)  or  Temijorary  fa  solenoid  current,  or  an  electromagnet, 
a  bar  of  soft  irou  whose  magnetic  properties  are  iniluced  by  the 
prcsciicci  of  lui  electric  cuiTcnt  circulating  round  it,  but  which 
endure,  in  soft  iron,  no  longer  than  the  persistence  of  that 
current) ;  or  again,  into  Natural  (loadstone)  and  Artificial. 

The  constituent  particles  of  a  maj(tmt  are  themselves  magnets. 
A  permanent  magnet  may  be  cut  into  an  indefinite  number  of 
fragments,  each  of  wliich  will  be  a  little  magnet,  the  original 
magnetic  axis  in  which  will  continue  to  point  to  the  magnetic 
north  and  south.  When  a  steel  bar  is  converted  into  a  permanent, 
or  a  soft-iron  bar  into  a  temporary  magnet,  aome  operation  must 
l>c  effected,  not  upon  the  mass  as  a  Tphole,  but  upon  its  constitncnt 
molecules.  The  magnetic  ajcis  of  a  bar-magnet  or  compass-needle 
coincides  more  or  less  closely,  but  hardly  ever  with  perfect 
accuracy,  with  its  geometrical  axis  of  figure.  The  extremities  of 
the  magnetic  axis  are  the  Poles  of  the  magnet 

Olie  mode  of  expreHeing  the  ii)«chB.iucal  action  of  ma{{Qets  u  to  fi^ign  • 
dlBtribution  of  imapnary  magnetic  maltpr  at  the  Poles  ;  positive  at  the  ono 
pole,  equal  aud  negativo  at  theotber;  the  Bttractiona  ami  lepultioas  o\>aer\Kd 
am  uXttrviwd  uitiiiily  to  and  from  the-<«  polea. 

AciuthL-r  niL'tbud  is  tu  fi-igu  a  dietributioii  of  lun^etic  niattiM  partly  over 
the  mirrai:c,  |iarLly  wiLliiii  tlie  suImIaiicm!  of  Uie  mogDct  (PuisBuii),  ur  over  the 
furfflw  only  {Gaiiss  and  ■rircpn), 

Posilivo  and  negative  mnpnctic  rf irtribiition  may  be  feigneil  to  be  cither 
heapings-up  of  ixwitivc-  mottt-r  towards  or  at  positirc  pole«,  and  of  negativci 
riiiittrr  towards  or  at  D<.-pitivc  ;  or  cIm  to  be  distribution  in  cxcosa  and  ddfcct 
rei^iwctivt'ly  (or  inversely)  of  one  and  the  iamc  all-pervading  inapnetic  fluid. 

Tlie»e  imocIm  of  repreaentation  are  conTOnient  for  calculation  and  exposi- 
tion aiurcly. 

A  long  thin  bar  so  magnetised  that  all  its  molecules  would, 
considered  as  magnets,  be  absolutely  equal,  would  have  its  poles 
at  its  ends.  Such  a  theoretical  bar-utagnet  is  called  a  Solenoidal 
Magnet.  In  practice  the  action  of  bar-magnets  is  the  same  as 
that  of  a  theoretical  Solenoid  whose  poles  are  at  a  somewhat 
less  distance  from  one  another  than  the  extremities  of  the  bar: 
for  whieh  reason  the  Poles  of  a  bar-magnet  arc  often  said  to  be 
within  it«  substance,  at  a  short  distance  from  its  ends. 

The  North-seeking  pole  of  a  magnet  is  its  Positive  pole; 
the  other,  its  south  pole,  is  ita  negative  pole. 

In  different  magnets,  unlike  poles  attract  one  another; 
like  poles  repel  one  another. 

The  force  between  two  poles  varies  inversely  as  the  square 
of  the  distance  between  them.       It  also  varies  diiectly  with 
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the  strength  df  each  pole,  or  the  quantity  m  of  magnetic  matter 

mm' 

supposed  to  be  concentrated  at  each.     It  ia  therefore  F  =  "S". 

and  is  repuHve  when  the  poles  are  simihir.  both  positive  or  both 
negative. 

Two  poles  are  said  to  be  of  Equal  Stren^h  vhe.a  they  can 
replace  one  another  in  their  action  upon  external  magnetic  poles. 

Two  poles  are  said  U\  be  each  of  Unit  Strength  if  they  be 
equal  and  have  between  them  a  repulaion-furce  equal  to  one  dyne 
when  their  mutual  distance  is  one  centimetre; 

Claaaiua  and  Siemeux  suggest  that  »uch  a  jiolc  should  be  called  &  Webefc 

A  unit  pole  placed  at  1  cm.  from  a  similar  pole  of  strength 
m  units  (or  Wcbers)  will  ho  repelled  with  a  force  of  m  dynes. 

The  opposite  polen  of  a  niaguct  are  of  strengths  opposite  bat 
numerically  e<iual;  these  are  +  in  and  —  m;  their  sum  is  seni; 
the  sum  of  the  majjnetisins  of  everj'  magnet  ia  always  zt-ro. 

It  is  not  [^Mjssible  to  isolate  a  sttigle  ruaguetic  pole  or  to 
produce  auy  numerical  difference  of  strength  between  the  two 
poles  of  a  magnet. 

Kound  a  mognct  there  is  a  Magnetic  Field  of  Force  pei- 
roeated  by  Magnetic  Lines  of  Force  and  Magnetic  £qni- 
potential  Surfaces.  An  isolated  positive-pole  (if  such  a  thing 
were  possible)  placed  in  the  neighbourhood  of  the  poaitin 
extremity  of  a  Iwir-nM^et  would  be  repelled  and  would  travel 
to  the  negative  extremity,  not  by  the  shortest  path,  but  by 
following  the  wide  sweep  of  any  line  of  force  on  which  it  might 
happen  to  lie. 

The  Direction  of  a  magnetic  Line  of  Force  is  the  direction  in 
which  a  positive  pole  is  driven,  or,  conversely,  a  negative  pole 
pulled  upon. 

A  magnet  within  a  mafjnctic  field  is  acted  upon  by  a  Couple: 
its  positive  pole  is  driven,  its  negative  polo  drawn,  in  the  direction 
of  the  Lines  of  Force  passing  through  them :  the  axis  of  the 
magnet  tends  to  coincide  as  nearly  as  possible  with  a  line  of 
passing  through  its  centre.  If  this  line  of  force  be  curved, 
axis  of  the  magnet  is  set  tangentially  to  it 

The  Condition  of  a  Magnetic  Field  at  a  point  is  deteiminod 
(1)  by  the  Direction  of  the  LLue  uf  Force  i>nssing  through  the  point, 
and  (2)  by  the  local  Intensity  or  Strength  of  the  field — ■i.e., 
by  the  amount  of  force  witli  which  a  unit-pole  there  situated  is 
repelled  or  attracted. 
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The  unit  intensity  of  field  would  b«  that  prodiice^i  by  a  Weber  at  1  em. 
iliBtancc.  Sir  Williiun  Thomson  miggests  that  this  unit  of  intensity  ahotild 
bo  colled  a  Gaufifi. 

When  the  local  intensity  is  F,  a  maguet  whose  length  is  /, 
and  whose  poles  have  the  respective  vahiej*  m.  and  —  m,  is  acted  on 
by  a  couple  ;  the  force  acting  on  the  positive  pole  is  r/iF,  and  its 
moment  is  (mF  X  JO ;  the  moment  of  that  acting  on  the  negative 
pole  is  (—  m  X  — F  x  JO  =  i^F^ ;  the  moment  of  the  couple  is 


thus  niFL  At  a  spot  where  tlie  intensity  F  =  1 — that  i8,  within 
a  unit  magnetic  field — this  moment  is  equal  to  vil.  the 
mnnerical  Streuyth  of  either  j>ole  multiplind  liy  the  I*nt;lli  of 
the  magnet.  Tlti»  moment  is  called  tlic  Alag^netic  Moment  of 
the  magnet. 

If  a  nittgnel  of  length  I  be  hrokcn  into  n  fi-AgmenU,  vsocli  uf  lenf^th  ~,  the 

injigitetlc  moment  of  each  frasmcnt  is  m  x  (  - ) ;  the  sunt  of  the  nugnctie 

momeuta  of  oil  tlic  n  Cragnienta  isnx  [».-!»  ml,  the  magnetic  moment  of 

the  origin»]  magnet,  and  each  fragment  poMeuea  pole*  of  utreiigth  m,  equal  to 
tho«e  of  the  original  magnet. 

When  two  equal  nia^ets  are  arranjied  thus — 

N a,  }i s, 

the  extreme  poles  are  effective,  tlie  intermediate  ones  mask  ono 
another;  when  work  is  dene  upou  tliem  in  separutin^  them,  the 
original  condition  is  restored  and  all  the  poles  are  again  manifcat. 
Wlien  n  such  magnets  are  connected  iu  this  way,  all  the  poles 
except  the  extremes  mask  ono  another.  A  uniform  bar-magnet 
/  cm.  long  and  a,  sq,  cm.  in  cross-section,  and  therefore  having  a 
volume  of  ia  cuh.  cm.,  may  be  considered  as  a  collection  of  la 
magnets,  each  1  cm.  in  Icngtli  and  1  aq.  cm.  in  section,  and 
therefore  each  of  unit  volume.  Tho  magnetic  moment  of  the 
whole  is  equal  to  that  of  la  such  magnets :  the  magnetic  moment 
of  each  of  these  unit-volume  magnets  is  that  of  the  entire  magnet, 
7}d,  divided  by  ia,  the  volume,  and  would  therefore  be  equal  to 

— .  This  is  the  so-called  Intensity  of  Magnetisation  of  the 
a 

bar-mfl^ct 
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If  the  intensity  of  mBfjnetisfttion  of  b  bar-magnet  ■were  cqail 
tlironghont,  its  poles  "would  be  situated  exactly  nt  its  extreuiitiot 
We  generally  find,  however,  that  magnets  present  abnormalitica 
in  this  respect,  and  that  they  may  even  have  secondary  poles, 
produced  ty  local  inequalities  iu  tlie  iutcnsity  and  by  consequent 
deficitiut  coiupeusatiou  of  the  iuttirnal  poles. 

Riich  complex  clifltributiritifl  can,  irillnn  a  bar,  tic  generally  repreaeBted 
by  the  supftrpoftitinn  of  a  runiher  of  i».-ileTioid8  of  different  lengthaL  fl 

A  Bteel  sphere  will   be  magnetised  uniformly  if  placed  for 

aome  time  within  a  uniform  magnetic   field. 

and  it  then  lias  a  moment  equal  to  that  of] 

a  small   axial  magnet  NS,  Fig.  245,   and   It'! 

teniU  to  lay  itii  axis  NS  along  that  line  of  < 

force  which  passes  throngh  its  centre. 

The  Earth  considered  as  a  magnet  is  not 
uniformlymagnetised;  its  intensity  of  magnet- 
Uatiou  is  not  equal  tlironghout ;  it  doea  not 
act  upon  bar-uiagnets  placed  near  it«  suriaov 
exactly  as  a  dist&nt  bar-magnet  w^uUl  do.  for  the  law  of  its  actioD  u 
not  even  approximately  expressible  by  any  formula  less  complicated 
than  one  which  contains  at  Icnat  twenty-four  coefficieuts  (Gaoss). 

To  And  the  Maffnetic  Moment  of  a  Masaet. — We  must  comhiuj 
Uiu  muj^uutic  uioiiiful  JI  uf  the  Huij^iut,  with  H,  the  huiizontul  componcnl 
Uio  iiituitEiLy  of  ihf  earth's  magnetic  fon-c  at  tlia  jilacfi  uf  Dbecrvation. 
one  proccaa  we  can  find  the  y&Iup.  of  MH  ;  hy  nnnther  wo  can  find  that 

—  ;  from  these  dal/i  we  can   fiml  not  nnly  M,  the  magnetic  moment 
MH  X  5^  =  M»V  but  also  H,  forMH^^-H". 

1.  To  flnrl  MH  :—Si]sp«ntl  a  very  long  raognct  by  one  thrend  attached 
iU  centre  ;  load  it  so  that  it  niaj  dwing  homuntnlly  niund  a  vertical  hob: 
cibe«r>'e  the  time  of  its  osciUatiou  uuiler  the  earth's  nttrnrtion  for  oao  pole  aid 

TopuUtiuu  of  thu  otlier.     The  tune  of  oGcillnitiou  U  T  <=  t.  /  =^.t  where  I  » 

v     IIM 

the  moment  of  iacrda   (page    144].      In  the  simpk-pcnduliim    focmnk 

T  =  Sir     /-  ;  but  in  llie  Bimpl*  pcndulom  I  =  MP  :  and  ic,  the  weight  of 

the  moaa  M,  is  Uff :  whence  T  =  2n-    /  _.     Here  vf,  the  weight  of  th«  p«ad- 

V   «;( 
nlam,  ia  KpUced  by  Hm,  the  attmotion  of  the  one,  tad  -Hm,  th«  npolsiaa 

of  the  othtT  pole.     Hence  T  =  2t    /-— ;  bat  2Im  =  M,  the  magulic 

inoro(;nt  of  Uio  magnm  of  length  Si,  wliicb  swlngK  like  a  eouple  of  oonjc 
simple  pendulunu  each  of  l<!iigth  I.     Whence  T,  the  period  of  a  oouplirts 


'J 
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double oBcillation,  =  2)r.  /  -— ,,     T  ean  be  foiiml  ;  I  can  be  aacertaitied  for 
V   IIM 

tiay  given  nec4ll(t ;  -nbeiifu:  (H&f)  may  W  •calculated. 

Thia  npemtton  iei  ilifficult;  fur  M,  tlit.-  mu4jti<;lic:   uiomeut,  and  tLerefore 

the  rate  of  owillatjon,  vnriea  with  every  alight  vibraliuu  or  cbouge  of  state  or 

nf  tlie  tcmpemtiirc  of  the  susqMUilcil  magnet. 

2.   To  fiml  u  :— It  coii  be  proved 

thut  the  fluiu  of  lh«  actions  of  all  the  TtgMa. 

ultiKients  of  a   fixed   magnet  AB  ui>on 

all   the  elements  of  a  ntuvahk-   uitL^ct fy; -/o 

DE,  poised  on  jte  centre  At  (\  C  \ta\ng 
in  the  ssnie  etraight  line  n-ith  AD, 
pTodoces  a  deflection  a  of  tlie  magnet 
A«m  ibo  Mttgnetic  Meridian  (p.  6ua) ; 

nnd  if  the  Uw  of  the  mntnal  action  of  tvo  elements  be  that  ¥  ec        ,  then 


tana 


M 


■■- -;  . — .     Obaervation  sbayn  that  in  mch  a  case  tan  a  varies 

BC  +  i     H 

iiiveraelv  as  EC  cubed  j  whenco  n  =  2,  F  «    — —  and  tan  u.  =  f~-  .-^. 

The  augle  a  can  be  muasu'ed,  BC  con  also  be  measured ;  whence  -^  in  knovn 
nmneri  cftUy. 

Magnetic  Potential. — A  magnetic  pole,  if  isolated,  would  be 
atUTOunded  by  concentrically-spherical  equipotenlial  surfaces  tra- 
veraed  hy  railial  linfa  of  forca  But  a  ma^juct  has  two  poles  of 
opposite  kind,  and  the  field  of  force  surrounding  it  presents  a 
general  character  which  may  be  approximately  represented  by 
r^;.  241,  if  the  lines  marked  Equipotential  Surfaces  in  that 
figure  be  held  to  represent  Lines  of  Force  and  vicf.  vcr^. 

The  potential  at  any  point  dac  to  the  pusiLivi:  pole  m  at  dfounce  r  Is  -  ; 

that  due  to  negative  pole,  -  m,  at  diBtancc  f'  is    -  ^;  dae  to  both  together 

the  potential  is —  -  —  orntf-     ],  which  has  the  same  value  for  ercEy 
point  on  one  and  the  mine  etiuipotcntial  eur&ce; 

Uagnetic  BhelL — We  may  arrange  a  number  of  bars  side  by 
aide,  BO  that  their  similar  poles  all  point  in  the  same  direction  ;  a 
melal  sheet  is  thus  built  up,  of  whicli  the  one  face  is  negatively, 
the  other  positively  raagneti&aJ.  Such  a  sheet  is  callerl  a  Mag- 
netic Shell.  The  Magnetic  Moment  of  such  a  shell  is  the  ama  of 
the  magnetic  momeots  or  all  its  portions.  Let  it  be  supprjsed  to 
be  firat  a  continuous  shell,  and  then  to  be  divided  into  portions 
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each  1  sq.  em.  in  area.  Each  such  portion  will  have  a  tnagnetifl 
moment,  M.  The  niaf^etic  moment  uf  each  such  unit-an>a  portion. 
if  tliiR  be  invariable  over  the  whole  shell,  is  cnllcd  the  S'tirength 
of  the  Shell ;  it  is  equal  to  the  magnetic  qimntity  per  unit  of 
area  x  the  thickne-^s  of  tlie  shell. 

Tlie  rotential  of  a  Magnetic  Shell  upon  a  Unit  Positive-Pole 
placed  at  any  point  facing  the  Positive  Aspect  of  the  Shell  will 
be  the  product  of  the  Strenfjth  of  the  Shell  into  the  Apparent 
Siurface  of  the  shell,  as  seen  from  the  unit- mass — this  apparent 
8urface  being  measured  by  the  projection  of  the  shell  upon  ou 
ideal  sphere  whose  centre  is  occupied  by  the  uuit-masa,  and  "u-hose 
radius  is  1  cut.,  ur,^  in  other  words,  by  the  value  of  the  Solid  Angle 
subtended  by  the  Shell  at  the  point. 

If  the  shell  hn  tixed,  tlie  positive  pole  will  tend  to  move  awsy 
to  reruns  of  less  potential,  and  thus  to  travul  ruiuid  to  the  nc^- 
ttve  side  of  tlic  shell  If  the  unit  pole  be  fbted,  the  shell  will 
tend  to  move  in  such  a  way  as  to  diminiah  its  apparent  area,  and 
even  to  present  what  is  equivalent  Ut  a  negative  area>  namely,  its 
negative  side,  to  the  positive  pole ;  it  will  tJicrcforo  tend  to  rotate. 

In  the  immediate  neighbourhood  of  a  mapioctic  i!h«ll  ihv  angle  subtouted 
by  it  is  2ir ;  the  ^^Mit^-uCinl  near  tlio  positive  enrfocc  is  ihci^forc  2irS,  where  S 
ill  t3ie  Rtrenijtli  wf  thu  shuU ;  nwir  ihn  ii<>giitivi;  otirfiLCR  it  u  -  SrS ;  lieiwe, 
when  a  unit-particle  moves  from  Uio  -t-  to  the  -  «iirritcir,  4rS  unite  of  wk 
ura  (Ivuu  by  it. 

Tlic  Equipotcntial  Surfaces  in  the  neighbourhood  of  a  magnetic 
shell  are  snch  that  fiYiin  every  ]:)oint  on  any  one  of  them  the  area 
ofthesliell  will  for  that  snvface  appear  invariable.  But  equi- 
potential  surfaces  as  determined  l»y  thia  criterion  are  identical 
in  form  with  those  bowl-shaped  etjuipotential  surfaces  which  sdt- 
round  a  closed  circuit  bearing  a  current  of  electricity  (Fig.  241); 
provided  that  the  contour  of  the  shell  and  that  of  the  circuit 
he  the  same.  A  magnetic  shell  and  a  closed  current  of  electrici^ 
may  therefore  have  in  their  vicinity  an  identical  Magnetic  or 
IClectroniagiietic  Field. 

Terreatrlal  MaBTaetiam.  — The  neigh bonrhmirl  of  the  surface  rf  tbt 

Garth  is  a  great  Mu^-netic  Fielil,  nearly  unirorm  within  «ucli  imall  KpRc«s  at 
the  ititcriom  of  roniiis.  Tlie  liii*B  of  force  point  downwards  and  uorthvardi. 
A  ami[>iuw.iiiKi1lc  Llmg  LetuJa  to  gilnce  ibclf  so  that  iU  magnetic  axia  puints 
(liiwnwanU  iu)d  lu  th<;  Mit){n<-tic  XurUi,  which  in  iiicUiied  tii  lJi«  w«st  of  thi 
true  or  Gfojiraphicrtl  Nwrth  hy  u»o-4:nitt^d  Declinntiuii  (if20'3*70'  (atGrem- 
wich,  1883).  This  dt't'liimtii'ii  twwnnU  tlw  wpsi  i«  nl  piT«?ut  iacreadng  by 
7'36'  piJF  sDQUnL  If  tbi-  needle  cannut  move  except  round  a  vertical  axu,  iti 
axis  cannot  point  downwards  :  it  therefore  tends  to  point  to  tlie  Magnetic 
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Nortb,  lying,  as  it  does  to,  with  its  msgnetic  axi«  in  a  line  situated  in  the 
aauii;  vvrticul  plane  with  the  tnie  line  of  force.  This  plane  is  the  Magnetic 
MuriJittu;  uiiiL  thu  ma^elic  uxis  of  n  gireo  magnet  may  l>e  foiind  if  the 
miigD(.>l.ic  uiLritJiuii  piuu^iiig  thtuugh  thi;  |ilncc  of  obsc-nntiuii  bu  kuijuii. 

To  Itml  ;hu  iititi^vtii:  uiuriJiiui  il  t-injjlu  ubKTvution  is  not  lullidiiuL  The 
nxih  of  figicK  of  n  nocille  in^ir  not  coiuL-ida  v-itb  it«  mu^icUc  itxin,  and  the 
nwdls  (which  ia  jiro\-ided  will]  nii  .ngste  cup  on  each  of  its  flat  fscce)  in  thure- 
fot*  oWrvc-il  when  it  Ii(Si  pniaed  rm  one  aifie,  and  Hgnin  when  it  Iiph  on  the 
othiT.  The  niertn  of  t\w-  two  poxilions  gives  the  pdftiiirm  r.f  thi'  magnetic  tain 
of  the  nc^-dlff,  and  therefore  indicotu  the  mognctic  meridian.  The  doiTQWiird 
or  upward  dirvction  of  the  Unea  of  forc«,  their  departure  from  the  huriiontnl 
line,  is  the  Inclination  of  the  nccdk.  This  is  dowawards  in  the  M. 
UemiaphRre,  upwards  in  the  Southern.  A  needle  fliispeadfd  on  ii  horizontal 
axle  will,  hy  the  mean  of  two  rejulingi,  give  the  downward  iucEinatiun  of 
its  i)ia|;nflic  iuih.  Friction  pruventn  the  attainment  of  vpiy  i^reat  accuncy 
in  tltiif  uitaEuri-inL'Ut,  Ihuu^tL  tliitf  cou  be  (jreatly  diiniuiahuU  by  slinging  the 
axle  of  ihi!  needle  upon  silk  threads.  Thu  iuclliuitiun  is  at  Qroouwich,  ltJ88, 
&7°  26'02',  dimjuishing  by  2'04'  \yQr  aunum. 

If  the  inclination  be  found,  aud  the  horizontal  component  of  thu  attractive 
f(>rc(^  of  thi!  cnith's  mngnetiiuii,  acting  upon  a  unit  pole,  he  known,  we  have 
the  data  required  for  deli-niiining  th't  wholo  inti'n^ity  of  the  earth's  magDetic 
field  in  the  direction  of  the  lines  of  foo'*;  at  any  point.  Tlie  horizontal  com- 
ponent at  Orctnwich  in  1883  ia  0"18I6  djiw-c,  iiwircajtiny  by  '00027  per 
annura.  The  vertical  component  there  is  0-43694  dynes,  dccrca«ing  by 
■OOOOS  per  annum. 

The  line  along  which  the  lines  of  force  are  horizontal,  and  at  which  the 
Incli nation  or  Uipi  as  it  is  also  crIIikI,  is  equal  to  xvro,  i»  the  Magnetic 
£q  nator,  which  du<^-«  not  coincide  with  the  geo^^phical  ctjiiator,  aud  is  not  a 
great  circle  of  the  earth.  The  lines,  roughly  parallel  to  the  magnetic  equator, 
along  which  the  Dip  ia  equnJ,  are  the  Magnetic  Parallela  :  theeo  are  lines 
along  which  equipotenliul  Rurfacef  cut  tlu-  eturfuce  of  the  enrlli.  1'he  inteoBity 
of  llic  eurlhV  iniignftie  furcu  luiiy  be  indicated  by  thu  di»laiicc  between  these 
paraltels,  juEt  oh  t1io«e  niapi:!,  which  ^ve  coutour-Unci>  indicating  ei^uid  levels, 
may  show  by  their  trowding  together  or  eejiaration  iho  tendency  of  wuU-r  to 
rapid  or  to  slow  flow  over  the  face  of  a  country.  The  magnetic  jiarullds  are 
not  great  circled  of  the  earth  ;  they  are  not  iiven  parallel  to  one  another ;  in 
circunipolnr  regions  they  aw.  irrf^gularly  ellipticjil,  and  the  needle  points  tn 
their  ceEiCre.1  of  ciirvatun*.  A  Magnetic  Pole  w  a  »\tal  where  the  eqni- 
pot«ntial  surfacps  of  tlie  magnetic  tield  graze  the  earth's  nurface ;  the  nv«dle 
there  stantls  vertical,  the  dip  being  90°.  There  are  two  true  polea,  one  arctic, 
the  other  antarctic,  together  with  other  points  towards  which  surrounding 
msgnetie  needles  seem  to  converge,  but  wliicli  are  only  the  centres  of  curva- 
ture of  tlie  irregularly -•shaped  mnguetic  pnroIleU.  The  line  joiniug  the 
Ttloguetlc  Poles  d^K.-K  not  coincide  with  anything  which  may  he  termed  tlic 
Magtii-lic  Axis  of  ibc  earth. 

The  temelrtal  maguciic  Held  undergoes  remarkable  Tariatiuus.  The 
directiim  of  the  lines  of  force,  and  therefore  the  dip,  the  declination  and  tlic 
poaition  of  the  magnetic  north,  as  also  the  int^'n.iity,  nndeTgo  aecnlar  changes  ; 
and  therfi  arc  otlier  change^  scmie  of  which  depenil,  like  the  period  nf  sun- 
Bpota,  upon  a  cyclical  pi-rind  of  about  eleven  year*,  others  upon  the  rotation 
of  the  »un,  uprrn  the  position  of  the  moon,  upon  the  time  of  tlie  year  and  the 
hour  of  the  day  ;  while   other  disturhanced,  productive  of  electrical  currents 
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in  the  crust  of  the  psjtli,  ao  ])Owerfnl  iiiiil  no  irrvgular  as  fiomettnits  to  muJcr 
teletn^phicBigQalli]!^;  perfectly  uiiint«l]i^ib]i> — dirturbancra  known  mi  MagnetM 
Slorme — *n  obKlTed  to  occur  with  special  frequency  in  pyiupsthy  with  oat- 
Ln-'uks  •.if  Bun#pot«  Rttd  of  solar  Rtoriui  snd  ap]te&ranc««  of  the  Aurora  Boralifc 
Till!  tuiturv  of  the  uudouhtt-^l  coimvction  between  the  suu  utiil  the  uateattian 
of  the  earth  ii;  in  the  highest  ilegrou  obscuru  ;  It  i«  cimr,  bovevur,  that  tha  mm 
and  moon  caitnnt  uxereiee  any  important  direct  olfuct  m  niBgnet& 

Magnetic  Induction, — Soft -iron  filings  wr«  attracted  by  a 

mugtiet,  and  themselves  bcconit:  teinpomry  raag^nets.  Tliis  they 
do  even  though  they  he  not  in  contact  wiUi  a  magnet,  but  merely 
exposed  to  such  forces  as  can  act  upon  tliem  within  a  magnetic 
lield.  Soft  iron  completely  loses  its  magnetic  ptopertiea  when 
removed  from  the  neighbourhood  of  a  magnet ;  but  a  st«el  or  banl 
iron  bar,  which  is  with  gi'eater  difficulty  induced  to  become  a 
magnet,  will  not,  when  removed  from  the  field,  entirely  lose  its 
magnetic  state,  but  preserves  a  certain  Kesidual  Magnetisa- 
tion. The  property  of  steel  or  hard  iron,  in  virtue  of  which  it 
slowly  takes  up  and  slowly  partii  with  a  magnetic  condition,  is 
traditionally  named  its  coercitive  force.  Any  vibration  or  jar 
which  facilitates  the  relative  movemetit  of  particles  of  the  iron 
will  enable  its  molecules  tu  yield  to  the  inducing  forces,  i^^H 
facilitates  the  mngnetisation  of  the  iron  :  nnd  after  its  removal  fnflP 
the  field,  such  a  jar  will  facilitate  its  loss  of  magnetic  condiLion. 

A  poker  siispendttl  iieAr  thp  earlli's  surfaci>  nml  rcptMi^dly  struck  wiU 
bt'coiuii  feebly  magnetic  ;  and  all  workin;*  uuchim^ry  ia  mo^a^tic 

The  cffi-cts  of  ihe  inducing  forcw  within  a  niagiietii:  field  differ  from  thoM 
within  an  eltclric  field  of  force  in  the  following  re^ipecta : — (1)  Tlie  action  U 
one  which  aS'ucta  llii;  sUte  of  fjicli  molecule  ;  (2)  Thet«  ia  no  nL-])iUsion  of  b 
tnata  of  iron  or  »tc!i^l  wlii^th  cmm-s  in  atiitiu't  willi  n  iiLignct ;  and  (3)  The 
power  of  taking  u|i  n  tua^m^uV  cumliligii  Ijl  any  niurked  iK-^rw  is  limited  to  a 
very  Biuall  ntimber  of  &o<Iitr4,  though  to  a  elijjht  exleut  it  is  posscsaed  by  alL 

The  strength  of  the  poles  of  an  induced  magnet  depends  on  the 
nature  of  the  magnetic  field,  and  therefore  ou  the  strength,  the 
distance,  the  direction,  the  form,  of  the  inducing  magnet ;  and  also 
upon  the  nature  of  the  body  acted  upon,  its  form,  its  direction,  and 
its  size. 

In  some  substances  the  niagimtisation  produced  is  sucli  that 
the  north  pole  of  the  ijidiiccd  magnet  lies  as  far  as  possible  along 
the  lines  of  force,^ — as  far  as  possible  away  from  the  north  polo  of 
the  inducing  magnet.  Such  substances — iron,  nickel,  oobolCi 
manf^aneae,  chi-oraium,  oxygen,  etc. — arc  Ferromagnetic. 

In  other  3ubstaiicea  the  direction  of  the  iniiuccd  niagnetisation 
is  the  reverse  of  tliis.  Such  substances — bismuth,  antimony,  silver, 
copper,  fiydrogeu,  nitrogen,  etc.— are  Diamagnetic. 
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Intcniiediatc  between  these  are  stich  substances  as  air.  wliicli 
liu  i]tjt  become  magnetic,  or  but  very  slightly  so. 

lu  BtiU  other  substances  the  iuduced  nia^etiaation  is  uot 
parallel  to  tlie  lines  of  force,  but  along  certain  Lines  of  Indaction 
■withm  th«  body,  whose  direction  dejwnds  npoii  tlie  molecular 
agglomeration  or  tlie  crystalline  coiistitntion  of  tlie  body. 

The  Lines  of  Induction  within  an  indulged  magnet  must 
therefore  be  distinguished  from  the  Lines  of  I'orce,  with  which 
they  do  not  in  all  cases  coincide;  within  a  magnetic  field,  on  the 
other  hand,  they  are  coincident  in  all  respects. 

Tlic  lines  of  induction  within  a.  magnet  are  (lirccteil  fmm  the  poiulive 
towanU  the  negative  jKile  ;  a  mAgoet  thus  t^nds  to  repel  it*  own  injigtieUnii 
uud  to  weaken  itaelF  by  svlf-iuductioD.  Tlio  lines  of  forci;  within  au 
iiiUiiwU  mat!Uot  ure,  on  tb«  one  hand,  directed  towanla  the  positive  pole  :  for 
tliLH  ia  tbu  dinctiuu  in  wliich  the  induced  poHitive  n)ii:)^Qeti»ati(>ii  in  iuipL-llud. 
Tlie  iuti-titfity  uF  inaKnetiffation  produced  in  a  pnrtidv  by  iuductioa 
depends  upon  F,  Oxv  inteunily  of  this  eurrotiudiiig  inoguutic  fiuld  ;  but  uot  upon 
this  only.  It  al&o  doi«;nJa  upon  ibe  reacUou  of  otbtT  [lajtiilL's  wbicfa  have, 
by  induction  witliiii  the  sami:  liuld,  bi^conie  loaji^iiutic.  The  iitluusity  of  mag- 
notis&lion,  I,  induced  in  a  particle  depeuda,  Ihiirefore,  on  tlie  ii(,'gregate  force 
acting;  upon  it,  and  vnrltw,  witbin  certiiiii  liinils,  directly  iw  ibiit  aggregate  force. 
It  is  therefore  eqiinl  to  tbflt  ngBre^nii*'  force  uiuUiplii-<l  by  a  conntaiit.  This 
constant,  peculiar  to  e»('-1i  t>iibi>Uini.'«,  is  h,  tbc  co-adted  Ooeffloient  of  In- 
duced Ma^netlBatlon  for  the  gubstjince  acted  npon.  h\  a  limiting  com, 
Ibul  of  (III  eKtivdiidy-iim^;  cjliwdrical  bar,  the  force  due  kj  tint  niaj{[ii.'t  itself— 
that  is,  to  iu  dislaiit  l>oltf« — iii»y  bi;  iicjjletTted.  Then  tlu-  force  dim  to  Ibe  field 
acts  B.lone  witldu  the  iiiagneL,  and  I  =  k  F.  If  thv  fit-Id  be  u  field  of  unit 
iatenaity,  F  =  1 ,  I  =  «,  and  the  Coefficient  of  Induced  Ma^ctisation  is  equal 
to  the  iuteiLiiity  of  the  magnet! eation  at^utned  by  on  exceedingly  long  nod 
excevdiiigly  thin  V>ar  placed  wiihin  each  a  Unit  Field.  Tliid  may  bu  taken 
rtlie  deHiiitiou.  of  that  coeBident. 

in  UD  indncvd  auignet,  wliulever  be  the  direction  of  it«  mogn&lic  axes, 
]y  cxcaviit«  a  diec-Hliaped  cavity  at  rij^tit  iiu^ih-K  Ui  tli«  linos  of  indue- 
cavity  Lcliiy  suppoHixl  to  be  extreiiiidy  iJiin  a»  compared  with  it» 
breadth,  the  fonie  within  the  cavity  due  to  the  actiou  of  ih«  aurtoitndinfj 
mngnctiitcd  paTticIe<i  will  be  4irl  :  that  due  to  tlic  magnetic  field  will  be  F ; 
together,  the  forci;  within  the  cavity  will  he  F  +  4^1.  This  fore*  is  called 
the  MuKnetic  Induction  within  the  lUAgiM't,  Tliix  uiaj^i^liL'  induction 
varies  as  the  alr«n^h  of  t.lie  liiOd,  »iid  in  cijuiil  to  tliut  HLrun^th  muUipHod  by 
a  coefficient,  /t.  This  cwflicient  i*  ralU-d  the  OoetBcient  of  Ma^^ietic 
Induction.     It  will  be  seen  that,  since  I  =  »;  F,  F  +  4rrl  =  F  (1  +  Jttk),  and 

/!,=  {!   +  TK). 

For  Kolt  iron  k  =  32,  and  fi  =  -lOS'lSS  ;  for  air  n  it  ii[jj)rJiimiUeIy  =  0, 
imd/i=l  ;  for  bisiiiulh  »c  =  -  000,002,5,  and /i  =  0-999,996,808,4.  Bis- 
muth ia  the  most  Htron^ly  diauuguetic  xubatance  known,  and  hae  the  least 
known  coefficient  of  induction. 

If  we  consider  the  air  in  the  neighbourhood  of  a  magnet,  we 
find  7t  lines  of  force  or  of  induction  passing  through  a  given  bulk 
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of  it  If  we  replace  t}ie  given  bulk  of  air  by  an  cqaal  bulk  of 
iron,  we  find  the  lines  of  induotion  pithered  together  into  it  from 
the  surrounding  magnetic  field.  The  inducrJon  within  the  iron  is 
greater  than  that  previously  within  the  undisturbed  ningnetic  M 
tield.  The  equipoteutial  surfaces  are  also  further  apart  wilJiin 
the  Lion,  so  that  iron  may  be  said  to  trausmit  iuductivo  effect 
better  thtiu  air  or  a  vacuum. 

A  diauioguetic  auLstauce  has  the  ravoi-se  property  ;  fewer 
lines  of  indutUou  pass  tUi'uugh  it ;  in  other  words,  ild  Cuelficieot 
of  InduGtion  :s  less  Uiau  unity;  while  that  of  iron  is  403,  and 
that  of  air,  or,  more  accurately,  that  of  a  vacuum,  is  uidty  itselil 

The  result  uf  this  distortion  of  the  lines  in  the  iniigoetie  £eld 
is  to  set  up  strcssus,  which  tend  to  cause  an  iron  bar  to  assume  a 
position  parallel  with  the  lines  of  force ;  while  a  bar  of  bismnth 
tends  to  move  into  a  position  of  least  negative  mognetiBatinnt  and 
to  lie  across  the  lines  of  induction,  at  right  angles  to  them  if 
possible.  SulsCances  wliich  take  up  this  cross-pnsition — Diatna^ 
nets — comprise  the  great  miyority  of  the  subst«iiccs  found  fat 
nature. 

The  intensity  of  induced  magnetism  increases  witb  tke 
intensity  of  the  magnetic  field,  and  varies  with  that  intensity,  but, 
in  the  case  of  iron,  within  certain  limits  only.  As  the  inteosi^ 
of  tlie  magnetic  field  rises,  the  induced  mugueLism  of  soft  iron 
verges  t^jwarda  a  limit  This  would  appear  to  favour  that  theory 
of  induction  which  regards  the  magnetisation  of  induced  iron  not 
aa  created,  but  as  directeil  by  the  forces  within  the  field.  Accord- 
ing to  this  tlieory  (Weber's),  the  intileeulcs  of  iron  are  already 
little  magnets,  but  their  directions  are  iiromiscuously  discrepant 
Wlien  they  come  into  a  magnetic  field  iJiey  are  directed  so  as  to 
lie  witti  their  axes  parallel  to  lines  of  force,  and  the  whole  mass 
of  iron  thereupon  becomes  obviously  magnetic  In  diatuagnets 
there  is  some  reason  for  believing  that  the  particles  are  magnetised 
(U  novo  in  the  magnetic  field  ;  but  the  particle-magnets  thus  pro- 
duced are  feeble,  and  their  strength  does  not  tend  lo  a  limit 

The  repeurcbcit  of  Profcwop  Hughes  (rran*.  ftoy.  Soe.,  London,  1881) 
have  bronglit  to  liglit  mnny  carious  ftuU  wlikh  ttnil  to  sOinvr  tlut  a  bar 
of  iron  vrhon  magnctiBtd,  m  even  when  ctirrc-nta  pans  ihroitgli  it,  saffrm  i*- 
arrAngcmc-nt  of  ila  muleeulee,  or  even  an  alttmtion  in  ihcit  nhnpe.  Acnordin^ 
U*  Itiii],  tliv  ni^utral  Mtate  iit  c)iHi'itc:t«ri(ie'l  liy  n  perfect lysyniiiictri cat  arrMige- 
iiLifnt  in  wliicli  ull  tliu  litdtr  tii:i^iii-ti>  Mti^fy  tlj«ir  mutual  attnictiims.  WLea 
Hul;jtK:t(M  tu  tndiK'tiiiii  Um  (lurl k'lvH  mtulD  inlo  llieir  iUr«ct««l  jxwitinn  villi 
comparatire  cnso  if  Hiv  in<]iic«tl  in>ii  Iw  8trui:k  or  vibntlml  or  tu'ist*.*d  ;  and 
tlie  Bu-callcd  coercitivc  force  is  Uj  be  uttribiitod  to  molucuUr  rijpdity. 
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Magnets  are  QsQaUy  made  by  exposing  steel  for  some  time  to 
the  influence  of  an  existing;  magnetic  field;  as  by  nibbing  bent 
or  strai^lit  bars  frimi  centre  to  ends  with  the  opposite  poles  of 
bar  nia^nots,  or  by  leaving  them  in  contact  by  their  extremities 
wiUi  the  opiHisite  poles  of  a  strong  hnrse-shoe  magnet  or  electro- 
magnet. 

A  ring  of  Bte«l  wire  majr  lie  niagiictiBcd  by  alowly  rotating  it  near  one 
pole  »r  a  MiiA  iiiugitet,  and  at  ihe  uiine  time  aLowi^  reuioTiiifj  it  to  prevent 

tlie  funuiitiiJii  of  iwcondiiry  point. 

Magneta  cau  also  be  produced  by  an  electric  cnrrent.  A 
tfmple  bar-maguet.  lis  we  havo  rt».M7. 

Men,  tends  to  liu  across  »  currnut.  r 
its  positive  pole  to  the  left,  u 
negative  to  the  right  of  the  cur- 
rent. If  a  bar  of  Boft  iron  be 
placed  along  the  bncs  of  force 
witliin  an  Electromagnetic  Field, 
it  becomea  a  temporary  magnet ; 
there  is  a  kind  of  separation  of 
magnetisms ;  the  left-hand  end 
of  the  bar  becomes  msignetically 
positive,  the  right  -  hand  end 
negative,  H  the  current  be 
wound  round  the  bar,  so  that 
every  part  of  the  current  exeits  a 


r-./\  - 


\\ 
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simJar  action  upon  the  bar,  thu  bur  becomes  strongly  magnetic, 
and  is  then  called  an  Electromagnet. 

If  it  be  of  soft  iron  it  loses  this  property  the  instant  the 
current  cease?) ;  but  if  it  be  of  steel,  and  if  the  eurient  be  power- 
fol  and  continued  fur  some  lime,  it  becomes  a  pennanent  magnet. 
Elias  made  steel  magnets  liy  passing  steel  bars  through  the  axis 
of  a  short  spiral  of  about  twenty  turns,  bearing  a  powerful  current; 
souiutimes  even  one  pass  was  sufiicieut  to  saturate  the  steel. 

Heat  and  extreme  cold  alike  enfeeble  magnets  of  iron  and  of 
nickel ;  cobalt  becomes  more  susceptible  to  magnetic  induction 
when  it  is  slightly  wanned.  A  nickel  magnet  loses  its  magnetic 
power  at  6:iJi°  C  ;  a  steel  magnet  at  a  sliglitly-higher  temperature  ; 
cobalt  at  the  temperature  of  melting  copper. 

When  an  iron  or  cobalt  bar  is  niagneti.'sed  it  becomes  longer 
and  somewhat  more  slender,  but  does  not  appreciably  alter  in 
vohitne;  it  also  emits  a  alight  sound,  a  "magnetic  tick."  A 
nickel  or  a  steel  bar  shortens  and  tliickcns. 

2  B 
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Gnoi^  is  absorbed  duriug  magnetisation,  and  if  an  electro- 
magnet ha  made  and  unmade  in  froqucnt  quick  euccession,  ii 
becomes  hot ;  the  oncrgy  is  derived  from  that  of  i\w  intemuUifBi 
inducing  current. 

If  tliu  iiiiluci^il  iiiji^iiii»]n  of  iron  be  dna  to  the  directive  artion  r>f  the 
magnetic  fiuUl,  tlif  n.-j'iduul  magnetism  of  Bleel  may  pi^rhaps  be  dac  to  a  sort 
of  iniporffcL  tlasticitv  of  tin;  niiidium  aiirrminding  the  particleft  ;  the  particle* 
are  wrenched  into  definili!  directiona,  imA  Ktjiin  th«Ae  aa  a  pcrmanettt  Mt^  or  _ 
very  slowly  rejiflaume  their  discrppancy  of  direction  (Mftxu-cll).  ■ 

If  we  diHsolve  away  the.  outer  skin  of  a  uLcoI  maj^uet  by  means  of  acid,  ' 
we  lind  (Jamin)  that  the  rpinainilcr  ha.i  a  very  email  intcnsiQr  of  magnctm- 
tion.     Perhapfi  the  outer  shell  is  the  hanltst  purt  of  the  magnet  and  Im  the 
^TCAt4»t  amnnnt  nf  th#  Ao-calk-d  cocrcitive  fnrc«,  thc^  le^t  uiiiouut  r>f  eliMtidiv 
of  the  nxiliiim. 

Astatic  Arrang'ements. — A  needle  ttiniU  to  point  to  th«  nugnetii: 
north  ;  but  it  is  ollc'n  deaii-nble  tv  itui^k  the  tictiou  of  Lhv  cuth'e  tnagnetum. 
This  may  r<:)u^li1y  Ua  vGK<:U:d  by  briii^iiiiK  ibuutlier  uia(a>et  of  opposite  effect 
into  the  UL-i^hK'urhood,  w  ws  UL-urly  U>  neuLnili««  the  cbjiU's  directive  force ; 
or  a^uiu  by  cuuijlliiy  lojji^thvr  uii  the  mnw  nuspending  thread  two  e^nai 
mu^KiteU  with  thuir  poles  upposud.  In  thr  luttt^r  case  the  earth  tt-nda  t» 
iLirect  the  two  magnets  in  upjKiaite  senacji,  and  if  the  two  ningnet«  were  equal 
and  their  axcH  ^lorallel,  the  joint  synteni  would  bo  practically  iinaff«ct«d  by 
the  carth'ri  directive  lu^tion. 

It  i«  bettor  to  enclose  a  single  neitllc  in  a  Bhcll  of  very  soft  iron,  aj  in 

Sir  William  Thonuon'a  marine  gaJvaao- 
im-let.  Ildx  nbell,  withia  the  eaitli^ 
nijii^netic  firld,  WcioiifJi  im^tnetic  The 
iiL-i'dK'  is  n<jw  tiudiT  the  inducing  actifB 
iif  two  oMigQeU,  the  earth  and  th«  ta- 
rluced  shell.  The  actions  of  tiuBm  ai« 
opposed,  and  if  the  shell  he  thick 
enough  are  approximately  etjua)  :  th» 
eurdi'a  magnetio  field  is  thus  nearly 
duetroyed  within  thi*  ahull,  and  the 
magnet  is  fnn:  to  obey  the  dtrrctira 
inipuliiF  of  any  current  which  may  ^ 
Rnch  u.  Rbell  acta  as  n   Magnetic   Screen  ;    and    such  a 


Flr-MO. 


Earth -I- 


E«rt)i- 

sont  ronnd  it« 

Mcretfti,  rlGcicnt  hh  it  jirotrction  frum  the  inHui?nct^  of  an  4*xti^miil  magDct, 
may  be  a  sphere,  an  iiiruiitt  or  vnTy  liirgi?  j»liiiii',  or  iiii  1-1511  i pi itcnlinl  futTao; 
of  any  form. 

The  general  problem  of  magin'ttc  induction  it>  a  pniblexn  of  poteotial  anl 
Hae8  of  forge,  in  which  the  borly  acted  upon  consists  of  perrectly-i>~>nditctini; 
iuolecole*  Kcatturt,-'!  throiiRh  an  aVuioUitely  non-conducting  medium.  Thii 
kind  of  probk>m  iuvolvox  ditllculties  of  calculiitiou,  but  is  of  the  aune  natun- 
aa  that  of  elei;tix)Btutic  luductiou  through  a  heterogeneous  dieleetriv,  or  that  uf 
conduction  of  beat  or  of  vU'tftricit)'  through  a  heteroguueuuii  oonductAr,  or 
that  of  the  flow  of  a  frictiouleHs  inconipreMiible  fluid  through  a  heterugescnis 
porons  material.  A  given  amount  of  force  within  the  magnetic  6eld  pto- 
dncfx  n  a-rtAin  amount  of  sejuirfition  of  magnetiema  and  a  ct>rrvs|MtiidiDi: 
denaity  of  magnetic  dintrihiition  ;  thin  may  he  regardcid  as  an  artv-tnl  flow, 
an  occamulotion,  which  ii^  proportional  to  the  continiioiin  flow  which  is  doll 
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with  ill  iiroblems  *if  candncticin  :  uml  ttir  tiiiUin^  nf  the  nuljntaiiirti  nclnl  iipun 
liringi  into  the  calculation  a  t«nii,  the  Coo^icient  i>f  Magnetic  Induction,  /i, 
which  ivsemhles  the  permeability  of  bodies  to  flni<li>,  or  the  specifir  inilnirttTe 
capacity  of  electrostatic  ilielectricfl. 

As  to  tliti  nattire  of  magnetism,  Amji'^re's  theory  is  Ihnt 
every  molecule  of  a  raaguciic  siiliatanue  is  tbe  seat  of  a  separate 
current,  circulating  round  it  in  a  plane  at  right  angles  to  the 
maguetic  axis.  Tliis  explanation  meets  the  facta  with  great 
readiness ;  but  in  visw  of  tlie  doctrine  of  the  Con3crvation  of 
Energy  we  must  postulate  the  entire  absence  of  resistance  to 
these  molecular  currents — a  circumstance  of  which  it  is  somewhat 
(.iifficult  to  form  a  clear  conception. 

When  all  the  molecules  of  a  substance  have  their  currents 
running  in  the  siunc  direction,  and  when  all  these  currents  are 
FtKjHB.  equal,  the  substance  is  uniformly  inagnot- 

isod,  and  in  the  interior  any  two  contigu- 
ous molecules  (Fig.  249)  have  cun'ents  in 
opposed  directions  whose  eflect  on  exterior 
particles  is  ni/.  The  result  of  tlie  whole  is 
equivalent  to  a  superlicinl  sheet  of  electric 
current,  the  action  of  wliicli  may  be  reduced  hy  a  kind  of  ueutre- 
of-gravity  problem  to  the  action  of  two  Poles. 

As  to  the  direction  of  the  currents  within  a  magnet:  a 
person  standing  un  the  Arctic  Polo  of  the  earth  would,  if  those 
currents  to  which  the  earth's  magnetism  is  supposed  to  be  due 
were  visible  to  him,  see  them,  or  rather  their  resultant,  the  cui-- 
reut-shet't,  travelliug  over  the  surface,  circulating  round  him  from 
east  to  west ;  tliose  in  frout  of  him  woiUd  therefore  travel  towards 
his  right  hand.  The  observer  there  situateii  would  be  at  the 
negative  end  of  the  ettrth;  the  Positive  pole  is  its  Southern  pole — 
that  pule,  namely,  from  wliiuh  the  positive  or  north-seeking  end 
the  compass-needle  is  driven.  An  observer  stationetl  at  the 
itive  or  southern  pole,  woubi  therefore  see  these  curreula  jmiss 
round  him,  still  from  east  to  west,  but  apparbutly  towards  his  left. 
These  currents  within  a  magnet  are  known  as  Amp&re-currents. 
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Electromagkbtic  Inddctios. 

When  .1  closed  current- bearing  circuit  is  placed  with  its  (Hwi- 
tive  face  (p.  5  90)  facing  a  positive  magnetic -pole,  there  is  mutual 
repulsion,  for  the  potential  encrgt'  of  the  system  tends  to  a 
minimum.     The  pole  is  repellotl  along  the  lines  of  force  wliich 
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trend  positivdy  from  the  positivo  face  of  the  circuit;  the  pole 
therefore  tenrift  to  travel  repoatcdly  tliroiigh  the  eircin't  alonj;  the 
closed  lines  of  force.  The  potential  encrg>'  of  the  system  is  thia 
found  to  have  no  fixed  value,  hat  to  depend  upon  ^e  numher  of 
times  the  pok  passes  through  the  circuit.  This  apparently 
anomalous  result  is  due  to  the  contiuuoua  supply  of  energy  hy 
Uiu  curruut  itself. 

If  the  current  be  brought  nearer  to  Lhe  magnetic-pole,  Iben. 
sinuti  work  must  be  done  in  order  to  briu^  about  this  approach  in. 
the  face  of  mutual  repulsion,  the  poteutial  energy  of  the  system  ia 
increased  by  a  jixcid  BUiouiit  -,  u  pui-tion  of  ibis  ener^gy  takes  the 
form  of  u  tL'mpumry  increase  oC  the  current  in  the  closed  circuit; 
while  the  reiiminder  may,  by  inductiou,  pitidaice  an  incieaaed 
magnetic  condition  in  tliu  tiiagnct. 

Now,  replace  the  magnet  by  an  equivalent  closed  circuit 
("  circuit  B "),  the  positivo  aspect  of  which  faces  the  positive 
aspect  of  the  original  closed  circuit  ("  circuit  A  ").  These  two 
circuits,  again,  repel  ono  another:  and  if  work  !«!  done  in  forcing 
them  together,  Lhe  energy  appears  in  the  form  of  a  temporary 
increase  in  tlie  intengitia^  of  both  currents,  and  is  presently  con- 
verted into  heat  in  the  circuits. 

Conversely,  when  the  magnet  or  the  equivalent  circuit  is 
withdrawn,  there  is  a  corresponding  temporary  diminution  in  the 
corresponding  curreut-in tensities,  and  pfjssiUly  in  the  correspoml- 
iug  magnet' strength. 

Tliesu  increases  and  diniiiiutiiins  in  current-intensities  are 
eq^uivalent  to  tho  Induction  of  New  Currents.  The  duration  of 
these  new  induced  currents  is  limited  to  the  time  spent  in  chang- 
ing the  relative  positions  of  tho  mutually-inducing  magnets  or 
currents. 

In  the  case  of  two  circuits  let  the  original  intensity  in  one  of 
the  circuits  be  vaniahingly  small,  approximately  but  not  perfectly 
zero.  Tliis  is  the  condition  of  most  conductors  in  what  we  would 
call  an  undisturbed  state  ;  it  is  very  improbable  that  the  current 
within  any  con<iuctor  is  ever  ahsohitely  nU.  The  result  is  that 
if  a  circuit  bearing  a  current  be  brought  towards  a  circuit  capable 
of  bearing  a  current,  and  if  the  former,  tlie  inducing  current,  have 
its  positive  face  turned  towards  the  circuit  approached,  there  will 
be  two  elTucts  produced:  (1)  an  increase  In  the  intensity  of  the 
inducing  current,  aud  (2)  a  new  curreut  developed  by  induction 
in  the  circuit  approached,  which  had  previously  appeared  to  bear 
no  current.    This  current  has  iU  positive  face  turned  towards  die 
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apjiroaching  poBitive  face  of  the  inducing  current,  and  is  there- 
fore opposoii  to  it  in  its  direction. 

If  two  wires  be  laid  alongside  tmo  another  (Fig.  250),  nnd  if 
one  of  these  wires  he  connected  with 
the  two  poles  of  a  battery,  and  thns 
form  part  of  a  Primarj-  or  lUttery 
Circuit ;  while  the  other  wire  ia 
merely  a  part  of  a  complete  metallic 
circuit,  a  so-called  Secondary  Circuit; 
then  when  contact  is  suddenly  made 
in  the  primary  circuit,  a  current  uf 
brief  duration — a  duration  not  e.x- 
ceeiling  in  tiuie  the  variable  stale  of 
the  primary  current — is  produced  in 
the  secondary  circuit  and  is  known  us  the  Bdcondary  Ourrentu 
The  primary  current  and  the  secondlary  ciirreiit  are,  in  the  wires 
laid  alongside  one  another,  opposed  in  their  direction. 

As  long  as  the  intensity  of  the  primary  current  remains  con- 
stant, the  secondary  circuit  has  in  it  no  current ;  but  any  increase 
of  it  is  accompanied  by  a  brief  oppi>sed  .secondary  current. 

When  the  primary  current  is  dimini.shcd  the  primary  circnit 
ayain  presents  a  variable  state,  and  as  long  as  that  variable  state 
lasts  there  is  again  a  current  in  the  secondary  circuit,  which  is  on 
this  occasion  iu  the  same  direction  as  the  waning  primary  current. 
When  the  primary  current  stops,  there  is  a  very  abrupt  secondary 
current  parallel  to  the  ceasing  current. 

These  secondary  currents  represent  a  delinite  amount  of 
energy  subtracted  from  the  energy  of  the  primary  current, — an 
amount  which  depends  only  on  the  initial  and  iinal  states  or  in- 
tensities of  that  current.  Being  of  extremely  short  duration,  they 
are  of  correspondingly  great  intensity.  The  secondary  current 
produced  on  breaking  the  primary  current  is  briefer,  and  therefore 
more  intense  than  that  prnduced  on  making  it. 

These  statements  may  be  generalised  by  saying  tluit  wherever 
a  closed  circuit,  capable  of  bearing  an  electric  current,  lies  wholly 
or  in  part  in  a  Magnetic  or  Electromagnetic  Field  of  Force,  any 
disturbance  in  the  Intensity  of  the  Field  of  Force  will  induce  a 
Current  in  the  circuit ;  and  the  direction  of  the  induced  current 
is  determined  by  the  rule  (Lenz'B  Law)  that  the  new  current 
will  increase  the  already-existing  resistances,  or  develop  new 
resistance  to  that  disturbance  uf  the  lield  wliich  is  the  cause  of 
induction. 
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A  tolcpbono  circuit  pauing  tl]roii]:;b  a  duturbeii  ficM  of  force  will  pick 
lip  signaU ;  fnr  oaniple,  at  pvery  Ii'Ktittiing  flaab  the  instmiucnt  ia  bi^JiRl  l« 
roar,  and  in  cinlci-  tii  iHt-vciit  ijiicb  rfTcrtA  of  indiictioti  nn  port  of  ttit?  t^umnt 
in  eiitniwtcil  to  i.itrlb,  Imt  tb<-  ilcniliU-  wire  iKreMiKry  is  coilei)  munil  itdclfa* 
tin  to  form  a  Ktrond  conipoj'i'il  of  two  in^nlntiril  wiren.  Tlie  effect  of  indo^ 
tioD  <nt  one  win  is  equal  to  the  oppusit«  effect  of  inducticnt  on  tb«  otbcr 
wire. 

We  have  seen  tliat  a  cloced  current,  A,  ^rhoee  positive  aepvct  faces  b  positive 
ningubtic  poleorfaueofft  niagnetii;  shell  or  equivaluut  electric  current,  BtSeodi 
townrili*  tlie  IntUtr,  from  witliiii  iLa  own  conluur,  u  nnmber  of  poititive  Una 
of  force  or  (if  iiidtictkin,  which  radinte  from  iu  positive  btoc.  tf  we  duuige 
the  stundpoint  and  rei^iinl  the  cunviit  tlfst  inuntiunud— t  current  boniB  bj 
circuit  A- — ne  plaiwd  witliia  the  magiietii:  field  of  thu  ^heU  or  the  electio- 
magnctic  field  of  the  equivalent  circuit  B,  tlien  th«  poaitire  Unea  prxiceeding 
from  iha  latter  are,  na  tcjinrrls  tbn  rircnit  A,  negative,  for  thyy  trvnd  not 
from  but  towards  iLt  pfiRitivp  ajipoct, 

Cimiit  A,  lut  wi?  hiive  gc*ri,  tvndu  to  nmvi>  by  traii^tlntion  to  ti  graat«T 
diKtano'  from  circuit  B.  It  vnW  iiJ«o  t«ivd  tn  rot^it'^  iiiitil  lU  ncf^tivv  aspect 
faces  tb«  potiilive  side  of  B  ;  it  is  then  attrsct«d  toward*  B. 

In  tbe  former  caae,  aa  A  moves  away,  tbe  number  of  nc;;ative  Unci 
which  pass  within  its  contour  liiiuinishes.  In  the  latter  caw? — that  of  rotatios 
— A  tend.*,  as  it  ttims  tintt  to  »ct  itwif  edge-ou  to  If^  linea  of  indoclioD,  kod 
then  m  to  plucu  itcclf  (its  uvgutivu  fact-  up|>oeito  to  BV  pontivc  face]  thai  Um 
Hu«s  of  forou  wlucb  uuiuri^o  from  B  puHitivuljr  ali^u  vuiccge  fioia  A's  pootin 
{■G4  ponitively,  and  aru  poBitive  with  respect  to  A. 

In  either  of  theac  caaeR,  transktion  or  rotation,  tho  nuniber  of  negatin 
linw  emhrM-e<l  by  the  contour  of  A  t«  diminished  m  far  aa  poMible,  or  Uw 
TiTiinbci'  of  positive  lines  Attains  a  maximum. 

A  liltlo  uiovubk-  circuit  may  be  tuodc — Dc  la  Rive'*  floating  bfttteiy — hf 
thnL"<ting  a  strip  of  copper  and  a  wtrip  of  zinc  tbrou)^b  a  cork,  and  connecting 
tiiont  by  an  arch  of  coppc^r  wire:  wbe-n  the  whole  i»  floated  in  water,  tfa«  arch 
[ends  to  lay  itaelf  at  ri;i;]it  niif^lt^.i  to  itu:  irii^^nHtic  meridian,  copper  to  the  wtal, 
xiuc  to  tbo  etuit ;  in  thin  piwitiun  tho  ptwitivu  fare  of  the  arch  ia  to  thu  north, 
aud  tbt-  Diuretic  Unus  of-  forc*^  which  trvnd  townnls  tlift  north  ara  vuibmoad 
by  it  in  the  greatest  iJossiblc  number. 

The  general  statement  of  the  phenomenon  is: — A  movable  circuit  tenji 
sn  to  place  itt^.lf  ax  to  bavi>  m  few  negative  or  aE  many  positive  line*  pwchig 
ttimugh  it  iLii  |)owibIu  ;  a  pofitivt  line  botnj;  held  to  pass  through  a  drcsit 
when,  o£U:t  jiiiMjint*  through,  it  rtncrgcA  from  the  poHitivo  face  in  n  pueitiTe 
direction  ;  a  line  pa.Hsiiip;  through  being  held  to  be  iiegntivo  when  its  dircctiofi 
\»  towurdn  the  positive  face.  Tina  positioti  i^  the  petition  of  Irajit  potential 
energy,  that  into  wiiich  tbe  whole  syatem  lends,  as  it  were,  to  sink.  A 
eircnit  in  this  position  of  Ica^t  potential  enet^  embraces  as  great  a  namhet 
oa  poMtlile  of  positive:  linin<.  If  it  be  pullt^  or  turned  inlii  any  olhrr 
IKwilioii,  work  niiwt  Vt  done  upon  it ;  aini  thin  work  in  done  aj^TUiwt  mutual 
attractions.  Tliis  doin^  of  work  is  :Lwinciati?d  with  diminution  of  the  Dootb<T 
of  positive  lines  of  force  embraced  by  the  mo%'able  circuit.  As  the  citcnit 
moves  in  the  field,  lines  of  force  must  be  cut  through  by  it.  All  cutting 
through  hues  of  force,  when  the  nuiriber  of  UneB  enctowd  by  the  circuit 
ia  dimiiiiidicd  by  the  operation,  in  ctfcckd  by  the  expenditure  of  work.  Tba 
prcHTcsa  attaiciiT  ita  maximuui  wlu'iii  the  iriovable  circuit  has  bMn  Bwnng 
round  through  I&O".     If  it  be  still   furthur  rotated,  it  comes  to  enelait 
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fuwer  ticgatirc  lines,  tlicu  an  iucra&uig  number  vF  postttre  lm&,  tiiitil  it 
nrgains  its  originul  |KsitiDii.  At  that  rnoment  the  whole  nccuunt  shows 
lliat  the  energy  sptni  upon  llie  Kystcm  has  bneti  ecjunl  t>i  that  given  up  tiy 
it,  iimi  there  ie,  on  the  whole,  nn  work  dtme  either  hy  or  upon  the  nj-Btcm. 

Tlie  wnrlt  tioiu-  takcH  the  ffirni  of  iho  encTjjy  nf  iiMliKeJ  clirrvnts,  which 
always  incn^asc  the  rewstnnfe  tn  thi?  octiml  niiivciueut  ;  if  A  anJ  B  repel 
oni;  anntlici',  Uicir  intcnritJcfl  urc  incnaseil  whc-n  thi-y  arc  uri^-d  tat;i?th«i-, 
iliminiHh^d  whtn  thry  ure  tirawn  osiinider  ;  if  tht-y  altracl  one  another  theft- 
actions  are  reversed.  Tliia  may  be  otllerwi'^e  eipreascj  hy  auytng  tiiaL  wbcji 
a  circuit  i.t  rjade  Ui  endna«  a  gi*ntei-  miiiiUer  of  iie];d!iva  lima  iti  iiidiicticin, 
or  II  KtiialUr  number  of  jKiaitive  lincji,  iU  i-iirrent  im  iiicivjudl  in  intmiMty, 
iir  a  uitvr  imluwd  current  *tt  uji  in  it ;  whilr  if  it  be  mad*  tw  i^acloiw  a 
MDoUer  uiunlwr  of  ne^aliw  ur  n  graaC*-r  nunibvi-  uf  pueitive  liueE,  the 
iotcDeiiy  of  its  cunvnt  is  diminiebe^l,  ur  u  new  rev«nv  uurreut  is  set  up  in 
it.  The  result  is  the  same  whether  it  muve  so  as  to  enclose  more  or  fewer 
lineJt  in  an  cxifltinj;  nia^'i''^"-'  fieU*  or  whethp.r  the  ningnelic  fiehl  itwlf  vary 
ao  that  i\n  lines  t-ith'-r  upen  out  and  become  fewer,  or  become  nie/rc  numerous 
t&d  approach  one  another — a  amiillttr  or  a  greater  number  of  them  coiiflcqiiciitly 
poseinf;  through  the  Kiren  rii'ciiit. 

When  a  blo^-k  of  copper  Ls  whirled  within  a  ma^etic  field,  ciirrcnta  are 
set  up  in  it,  which  produce  rcBiAtanc«  ta  the  motion  ;  the  motion  of  the 
block  very  rapidly  ceases,  as  if  the  magnetic  field  were  highly  viscona, 
and  the  block  beconiea  hoi.  When  a  magnet-needle  la  suspended  immedi> 
ately  nborc  u  coppir  plate,  any  <}»cilliitioii  in  the  nu^piet  develop)!  currviito 
iu  the  cMpptT,  and  the  niu^nct  alnioHt  imuiedialely  come*  to  reitt. 

Self-InductioiL — A  current  siidtlenly  foniied  In  a  Bpiral  wire 
is  retanied  by  tLe  mutual  action  of  tlie  diircrent  coils  ;  it  doea 
not  flow  on,  and  its  inteneity  is  retulered  greater  for  an  instants 
If  it  be  a  secondary  current,  its  intensity  is  »,Teatly  increased,  and 
it  is  rendered  able  to  make  a  lon<;er  spark  by  being  sent  through 
a  spiral  wire.  Sudden  currenta  running  parallel  to  one  another, 
in  opposite  directions,  accelerate  one  another. 

Induction  Ooils. — The  effect  of  indnction  is  multiplied  when 
the  two  wires,  that  of  the  primary  and  that  of  the  secondary 
circuit,  though  kept  insulated  from  one  another,  are  wound  to- 
gether round  the  same  axis.  Thtj  secondary  current  is  then 
proportional  in  its  intensity  to  the  product  of  the  number  of  turns 
LQ  the  two  wires,  proWde*!  that  the  resistances  introdueed  by 
multiplying  the  eoils,  or  the  difTurcnces  between  the  uiuLiial  dis- 
taDces  of  the  different  tunis,  be  not  too  confli<Iernhle.  Tn  Indnc- 
tioD  Coils  the  wires  of  tlie  two  circuits  are  wound  round  separate 
bobbins,  which  are  then  slipped  the  one  over  the  other  to  a  greater 
or  Icis  extent.  On  this  extent  depends  the  intensity  of  the 
secondary  cnrrcnt.  The  primary  current  is  made  and  broken 
with  great  frequency  by  means  of  a  Contact-breaker. 

This  may  be  a  meru  mechanical  coatrivance,  or  it  may  bo  automatic 
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In  the  latter  cau  tlierc  Men  a  bar  of  soft  iron  in  the  axis  of  Ltie  inni-r,  tW 
piimarj,  bobbin.  When  the  primary  cnrrent  pnseeH,  tliis  bar  or  uitv  ttrootnv 
•n  electnunagnct.  This  ck-cirot[ia;.'ii4;t  \}\\\h  tnwords  itself  an  uiuatan,  k 
luaw  of  wfl  iron,  which  is  &iTaii{>«l  near  one  of  its  extremities  ;  tliia  Bom  «( 
«oft  iron  in  ilii  intej^  port  of  the  drcott  of  the  |»iiuar]r  current,  a&d  \rf  itt 
movement  th«  prinisri'  currenl  is  broken.  The  electromnf^et  now  loan  ill 
magnetic  conilition  ;  it  cr-iuwa  Ut  attract  th<?  amialure  ;  the  latter,  under  tbc 
pn«siir«  of  a  wpriag,  mturiiR  t:o  iIh  fonnvr  iKMitioii,  and  again  oompldM  the 
priniary  current ;  the  electroiaa^et  is  ujjiun  nioile,  an<l  tbe  unuUurB  apiB 
diiiplaced.  The  svft-irun  annHtare  is  tbvu  caused  to  oscilluti:  and  im|an 
to  the  priniar}*  current  an  iulermittence,  whoiie  fretjiieiicy  depends  opon  the 
intensity  of  th«  current  anil,  mainly,  upon  the  prsBsare  of  the  spring. 

Magneto-Electric  Hachines. — Vklicn  a  ina^et  ia  ihrusl  into 

the  axis  of  a  bobbin  which  forms  part  of  a  closed  circuit,  Uiere  i« 
a  carrent  produced  in  that  circuit  Tlie  current  ia  opposed  io 
direction  to  the  magnetic  molecular-curreuts,  the  Ampdre-ciurenta; 
of  the  pole  which  is  introduced  first.  H  a  long  magnet  be  dravn 
wholly  through  such  a  coil^  there  is  at  fiist  a  current  in  one 
direction  as  the  one  pole  approaches ;  t]ien  as  its  miiljioiut  pnrixn 
the  midpoint  of  the  coil  the  current  is  nil,  but  is  reversed  as  the 
opposite  pole  passes  oul  The  current  is  at  first  opposed  to  the 
Ampere- currents  of  the  approadiing  pole:  it  ia  ultimately  the 
flouie  in  direction  as  those  of  the  receding  pole ;  and  as  all  partii 
of  a  bar-magnet  arc  seen,  when  looked  at  end'On,  to  have  their 
currents  in  the  same  direction  iu  space,  the  induced  cun«nt 
changes  in  ita  direction  as  the  maguet  passes  through. 

This  formation  of  induced  currents,  whenever  there  is  a 
Tariation  in  the  magnetic  field  surrounding  a  circuit,  wholly  or 
in  part,  is  utilised  in  the  various  forms  of  Magneto -electric 
Machine. 

Pixii's,  the  prototype  of  Clarke'a  (the  very  familiar  machine 
used  for  medical  purposes),  consisted  of  a  couple  of  parallel 
bobbins^  each  of  which  contained  a  soft-iron  core  and  was  sur- 
rounded by  a  wire  coil.  Opposite  the  two  coi-es  rotated  the  two 
poles  of  a  horse-shoe  inngtiet :  each  uF  these  poles  glanced  peat 
the  end  first  of  the  one  and  then  of  the  other  core  iu  swift  alter- 
nation. Each  of  the  cores,  being  of  soft  iron,  became  ingtontW 
luaguetic  under  the  predominating  induction  of  that  pole  which 
happened  at  any  given  instant  to  be  the  nearer.  The  cores  there- 
fore aaeumed  in  rajiid  alternation  opposite  magnetic  cliaracten, 
and  in  the  coils  surrounding  them  (and  therefore  in  the  circuit  of 
which  botli  coils  were  made  to  form  part)  tliere  rau  a  iHpid 
succession  of  cuixents  of  alternating  direction. 

It  was   found   more  couvenientj  as  iu  the  common  medical 
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appanitus,  to  rotate  the  bobbins  with  tlieir  cores  in  presence  of 
the  magnet,  the  principle  being  the  sanic. 

This  kind  of  machine,  by  multiplication  of  the  magcets  and 
of  the  rotating  coils,  has  been  made  (Stohrer,  Alliance  mflchine-, 
Lontio,  de  M^ritens,  Holmea,  etc.)  in  very  large  dimensions,  and 
can  yield  veiy  powerful  currents;  but  tlie  cun-ents  ore  rapidly 
alternating  iu  tlieii'  direction,  and  they  must  for  some  purposes 
(electrumutallurgy,  transmissiou  of  power)  be  luadi;  to  travel  ia 
onedirectiuH  by  means  «f  a  Commutator — a  contrivauco  wluch, 
by  inecljiinicuUy  diunging  at  each  hatf-revulutiuu  tliu  dlsposiUou 
of  the  metallic  path  open  to  tlie  current,  changes  the  direction  of 
each  alternate  current,  and  therefore  renders  the  whole  unifonu  in 
direction. 

The  nearer  the  rotating  coil  ia  to  the  magnets,  and  the  more 
rapid  the  movement  of  the  coil  through  the  field,  the  more  intense 
are  the  currents  produced.  Siemens's  form  of  rotatiug-coil  or 
Inductor  is  devised  so  na  to  combine  these  advantages. 

The  peculiar  form  of  Inductor  found  in  most  Crrammc 
machines,  and  originally  due  to  Pacinotti,  depends  \ipon  the 
following  principles : — 

1.  A  loop  of  -wire  passed  over  the  north  pole  of  a  magnet  has 
in  it,  wliile  it  approaches  the  centro  of  the  magnet,  currents  op- 
posed to  the  Ampere-currents  of  the  magnet  As  it  recedes  front 
the  centre  uf  Lbe  magnet  it  has  in  it  currents  similar  in  direcLtoii 
to  the  Ampere -currents.  As  it  passes  the  mid-point,  there  is  nu 
current;  that  point  is  a  neutral  points 

2.  A  ring  of  steel  may  be  pemianenUy,  a  ring  of  soft  iron 
temporiirily,  magnetised;  it  is  equivalent  to  two  semicircular 
magnets  whose  north  poles  and  whose  south  poles  respectively 
face  one  another.  In  the  two  mutually- facing  north  poles,  as  well 
OS  in  the  two  similarly-situated  south  poles,  the  currents  must  b*^ 
in  opposite  directions  in  apace.  Such  a  ring-magnet  produces  no 
external  effect  on  particles  at  a  distance  « 

3.  I^t  us  suppose  such  a  ring-magnet  to  be  arranged  in  a 
«rtical  plane,  its  north  pole  uppermost:  and  let  us  divide  it  into 
a  right  and  a  left  semicircular  magnet,  each  of  wliich  has  an  upper 
north  and  a  lower  south  pole. 

The  accompanying  figure  shows,  by  loops,  a,  h,  c,  d,  the  direc- 
tion of  the  Ampere -currents  in  the  magnet.  The  doited  lines 
show  the  directions  of  the  currents  induced  in  a  metallic  ring, 
which  ia  slipped  over  the  ring -magnet  in  the  direction  ahcd. 
"When  passing  a  the  loop  is  both  receding  from  d  and  approaching 
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a  large  district  of  the  magnet  in  whicli  the  rotation  is  opposed  to 
that  at  d;  for  both  reasons  its  dircctioo  la  tlie  some  as  that  of  thv 
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Ampire-current  at  rf.  When  midway  lietween  a  and  i  everything 
is  syminetrical :  the  loop  approaches  as  mauy  molecules  as  it 
leaves  uf  tlie  same  kind :  the  total  electromotive  effect  is  nil.  A% 
the  loop  cros&es  from  h  io  c  the  electromotive  eflect  is  again  a 
iDaxiuiuni,  but  is  of  the  reverse  direction  to  that  observed  trithin 
the  region  da.  There  are  thus  two  mid-points,  at  which  the 
current  in  the  circulating  loop  ia  nil,  and  the  current  is  a  tnoximuru 
in  one  direction  when  the  loop  is  slipped  over  the  north  pole,  a 
maximun]  in  the  reverse  direction  when  it  is  slipped  over  the  sooth 
pole  of  the  ring. 

4.  Replace  the  single  movable  loop  by  a  closed  spiral,  covering 
the  whole  ring.  The  current  in  the  upper  two  quadrants  of  the 
closed  spiral  i.%  opposed  to  that  in  the  lower  two ;  both  currents 
seem  to  be  travelling  t<iwaTd3  one  of  the  neutral  points,  and  away 
from  tlic  other.  There  is,  therefore,  a  difference  of  potential  he* 
tweeu  the  two  neutral  points  of  the  spiral. — those  points  which  an 
situated  midway  between  the  poles  of  the  niaynct ;  and  if 
neutral  points  be  connected  by  a  wire,  q  current  will  pass  in 
wire. 

5.  Instead  of  slipping  the  spiral  over  the  ring-magnet,  slip 
the  ring-magnet  continuously  through  the  spiral  ctnL  The  nanlt 
will  be  similar,  but  the  neutral  points  wilt  rotate  round  the  ooiL 
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6.  Instead  of  sliiftmg  the  riug-inagnet,  let  the  metal  ring  aud 
the  wire  wouud  round  it  be  iimnovHbly  connected,  but  let  the 
luugnetism  of  the  magnet  shift  its  position  and  circulate  round 
tlte  ring :  the  eiTect  will  again  be  siinilur,  but  the  neutral  pointa 
will  shift  round  the  spiral,  being  always  90°  from  the  poles  of 
the  ring-magnet. 

7.  If  a  ring  of  very  soft  iron  have  well -insulated  copper  wire 
wound  round  it,  and  be  oontinuoualy  whirled  round  its  own  central 
axis  between  t}ie  fixed  poles  of  an  external  inn^et  or  of  an 
electromagnet,  it  will  present,  in  the  nei^hUourliood  of  the  extenm! 
fixed  inagiietie  poles,  two  inducal  poka,  also  fixed  in  their  poei- 
tion.  As  tlie  soft-iron  ring  rotates,  we  have  a  relati%'e  movement 
of  the  ring  and  of  its  magnetism,  the  converse  of  that  explained 
in  the  preceding  paragiaph.  We  have,  therefore,  in  the  copper- 
wire  coil  two  neutral  points,  alwaya  90'  distant  from  the  ^Kjai- 
tion4  of  the  external  poles ;  and  if  theae  be  connected  by  a  wire, 
as  Long  as  the  Iron  ring  is  rotated,  so  long  will  a  continuous 
current  run  in  that  wire.  The  energy  of  this  cuiTent  is  obtained 
from  tlie  wurk  done  in  forcing  the  ring  round  through  the  resistent 
magnetic  field. 

Induced  currents,  as  we  know,  last  only  as  lon;^  as  the  vari- 
able state  of  the  field ;  but  with  this  form  of  inductor  the  field  is 
continuously  variable  and  the  induced  current  is  continuous. 

The  current  produced  in  the  Hpir»l  l>y  tli#  pnlefl  of  the  exlemal  ningnct 
ia,  ikA  it  pftsftcfl  thrm,  the  wimo  in  direction  m*  tlm  m4un  current  in  the  npirftl 
wire,  sn  far  iw  rt-^nls  the  side  of  tht  spiral  next  the-  eTl^mnl  pole*  ;  tTi« 
other  side  of  the  sjiiml,  in  which  a  reversed  current  wmild  be  induowl  by  this 
poles,  is  tUrtlicr  ttom  them,  and  \»,  besidcB,  shcltt-rcti  in  piiftt  part  by  the 
incise  of  tlic  iron  ting. 

The  magnetic  field  —  the  fiehl  of  the  external  magnet  — 
within  which  the  coil  rotates  may  be  that  of  a  steel  magnet,  or  it 
may  be  that  of  an  electromagnet.  In  the  latter  case  the  electro- 
magnet may  be  prodticed  by  an  independent  battery,  or  by  the 
current  generated  in  a  small  subsidiary  magneto-electric  machine, 
as  in  Wilde's  machine ;  and  the  current  produced  by  the  electro- 
magnet and  coil  may  be  ntilised  not  in  an  exterior  circuit,  but 
in  producing  a  still  stronger  electromagnet  and  a  more  intense 
electromagnetic  field,  whose  induction  generates  the  current  which 
traverses  tha  exterior  circuit. 

In  the  modem  so-called  Dynamo -electric  machine  the  mag- 
netic field  is  produced  by  a  sofl-iron  magnet  which,  when  the 
machine  is  at  rest,  retains  a  mere  trace  of  magnefciaation  or  is 
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alightly  magnetised  by  induction  within  the  terrestrial  magnetic 
field.  WlieiJ  the  coil  ia  set  in  rotation  an  extremely  feeble  cnr- 
rent  is  generated  in  ^'irtue  of  tliis  feeble  inagnetisation  of  the  soft 
iron ;  this  current  is  not  permitted  at  once  to  paaa  away  tbrongb 
tbe  exterior  circuit,  but  is  sent  round  tiie  sofi-iron  magnet  and 
increases  its  ma^etit^  intensity.  The  soft- iron  magnet,  ihm 
strengthened,  reacts  upon  the  intensity  of  the  current  prodaoed, 
which  presently  attains  a  higlt  maximum ;  this  depends  upon  the 
speed  of  rotation. 

Machines  which  bear  no  steel  magnet,  but  depend  for  their 
initial  actinn  upon  residual  or  terrestrial  magnetism,  are 
called  dynamo-electric;  those  whose  action  depends  directly 
or  indirectly  upon  tlie  induction  of  permanent  steel-magDets 
are  called  magneto-electric  machines. 

Dynamo-electric  machines  are  subject  to  the  disadvantage  tiiat 
when  the  resistance  increases  the  intensity  falls,  and  the  strengtb 
of  the  electromagnet  falls  also ;  but  if  the  electromagnet  be  pro- 
duced by  the  current  of  a  subsidiary  battery  or  machine  this  dis- 
advantage disappears. 

Dynamo -electric  and  magneto -electro  machines  have  been 
applied  to  the  purposes  of  electric  lighting,  of  electrolysis, — in 
which  their  utility  is  limited,  for  a  considerable  amount  of  wori: 
corresponds  only  to  a  small  aiiioimt  of  actual  chemical  decompoai- 
tion, — of  the  production  of  heat  at  a  distance,  of  the  production  of 
the  cnriteiita  used  in  telegraphy,  and  to  the  transmission  of  energy 
to  a  distance. 

The  TranamisBion  of  Esergy  to  a  diatance. — If  a  magnet 
or  electromagnet  be  placed  within  a  variable  magnetic  or  clcctio- 
magnetic  field,  it  will  tend  to  place  its  axis  along  the  Liuea  ol 
Induction.  Hence  a  magnet  surrounded  by  a  coil  of  wire  will. 
when  a  current  is  passed  through  the  wire,  tend  to  place  itself  at 
right  angles  to  the  plane  of  the  correnL     (See  Fig.  241.) 

If  tliv  coil  bi!  placed  verticjilly  in  the  jilfLiio  of  tlic  miignetic  meridian,  sad 
Uio  QEHidle  be  sUHpended  hnriKonlally  at  itn  cciiLre,  then,  on  ttie  BUppodtioa 
Ihat  tli€  coU  lioA  nn  extremely  liu^  diami'ter,  or  that  the  needle  ta  extnundy 
nhnrt,  th»  (Iefl<'ctj»n  of  th<^  n«'dk  from  the  magnetic  meridian  it  such  tiwt 
itH  tan^nt  tit  proportiotinl  to  the  intensity  of  the  current  paMing.  Saeb  «a 
ajTRnRemcnt  is  caI1c(I  a  Tangent  Oalvunomelt^r. 

If  ihe  coil  be  placed  parallel  to  llie  deflected  needle  the  Bine  of  the  de- 
Qection  become«  pruportioiiMl  to  tlie  lulvtiKity:  tliis  is  the  Sine  Galrutomelaf; 

When  a  current  is  suddenly  made  and  immediately  stopped, 

the  magtictie  needle  of  a  galvanometer  receives  an  impulse  and  ia 
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tliro-wD  tliroug'h  a  certain  augie ;  it  is  continuouslj"  retarded  during 

tliia  throw  by  the  directive  force  of  the  surpountling  magnetic  fSdd, 

this  field  being  that  of  the  earth  or  of  a  neighbouring  magnet. 

The  throw  is  such  tfant  tb«  toUU  qiuintity  of  ciratricity  pwaing  is  pro- 
pnrtioniit  to  the  sine  of  half  the  angle  of  deSection  (p.  633). 

The  twitch  or  throw  of  the  needle  rendera  manifest  the 
passage  of  a  very  bric-f  current,  just  as  the  position  »if  equilibrinra 
assumed  by  the  nocdic,  aa  it  Idea  more  or  less  completely  across 
the  cuixentj  indicates  the  persistence  of  a  continuous  current 

Wheu  the  curreut  cwuk-s  tliu  innt^rift  li'^mli)  t*>  oHcilIato  for  wme  time  lite 
a  pcndulunt ;  but  if  il  oecillute  in  a  HtroQ^  mugnetic  field  of  forctj — as,  for 
example,  in  the  neighbourhood  of  a  strung  tua^^oiet — it«  oscillationii  will  be  very 
rapid  and  ot  entail  nnipUtude,  If  niobsea  of  meUl  be  f>u  amuif^d  that  any 
OAciUations  of  the  magnet  teotl  to  prtxliice  n^tarding  indticcd-cntTentfi  in  these 
RUiasen,  tticn,  efpecicilly  If  it  be  a,  light  nee<l)e,  tlie  OMtllnlionji  of  the  Diagneb 
rapidly  ceas^,  (u  if  it  v.-ck  imntcrKcd  in  n  initcouH  mcdiitRi,  and  the  magnet  in 
immediately,  and  without  furtht-r  oBcillutionB,  restored  to  it«  positioo  of  rtjKme. 
A  giilvunometer  arranged  on  thij  principle  is  a  Dead-beat  Qalvanometor. 

As  often  as  a  mumentary-curreiit  is  sent  round  the  magnet 
of  a  galvanometer,  so  ofteu  will  the  twitch  of  the  suspended  mag- 
net be  repeated,  and  at  intervals  of  time  equal  to  those  l)etween 
the  successive  momentary -currenfei.  This  action,  wliich  is  the 
simplest  form  of  transmission  of  energy  to  a  distauce.  for  work  ia 
done  in  displacing  tlie  magnet  within  the  lield,  is  tliu  basis  of 
telegraphic  signalling. 

Longer  tuid  shorter  cuircnte  produce  longer  aad  shorter  twitchi!«  of  the 
gulviinuiiiuter-iievdlti.  Theee  fonii  tlie  haai*  of  a  dgnal  alphabet — the  Moiw 
cod!'.  Till.-  rullowiii};  is  the  alpliubct,  tbt;  u]i]>er  line,  whem  then  ore  two, 
heiiig  the  Kuropuin,  llie  lower  the  Aiiiericau  forui : — 
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Full  atop  : ;  ^ :_ : : 

Strofee 

Apontrophe _ 


Kflpeat  or  1     '      ~ 

Hjjthen .... 

&  .^.  .  .  (Ajuer.) 


In  mnnf.  uf  liie  Anieriuiii  fomis  it  will  be  otseTTeJ  that  a  period  of  time. 
r«proM;nt«(l  by  A,  ititervecfji  in  the  taUlt^t  of  &  Ml  of  sigiiiUi)  rv]>i'e»entiiig  oot 
lielkr.  T)r>  Antfriimi  furni  (U.H.  lunl  f'anmla)  itt  the  urigiiial,  ««  devind  bjr 
Prof.  Morse :  tb*;  European  is  an  iiuprovc^J  VfiuioiL 

In  RubniiLrino  tele^aphy  the  eigoaU  used  arc  not  luo^  and  abort,  bat 
right  anil  U-ft  deflmilioiis — thai  in,  paeitlvv  ami  negative  niuuicntary  cnmatL 

When  at  the  distant  end  of  a  circiiit  the  conducting  wix« 
pa&sed  round  a  soft-iron  cor^j  that  soft-iron  core  becomes  an 
electromagnet  just  as  often,  and  remains  an  eloctronit^net  just 
lonjf,  as  the  circuit  is  or  remains  completed  by  a  key  at  Uie  home 
»tatiou.  This  dectroniag:uet  may  goveru  the  movements  of  a 
■leighhouriug  maas  of  iron,  and  do  work  upon  it :  and  the  move- 
ments of  this  second  maas  may  he  utilised  in  an  endless  varioty 
of  ways  for  the  repetition  of  movements  eimilar  to  tliose  executed 
at  the  home  station  by  the  hand  of  the  operator,  or  by  any 
n]>cchamciil  contrivance  adjusted  so  as  to  luiiki;  and  break  contact 
in  any  pre-arratiged  manner.  The  mass  of  iron  moved  at  tb« 
distant  station  may  itself,  by  its  movement,  make  and  bt«ak  a 
second  electric  cimuit,  and  thn*  control  the  movement  of  metalltc 
masses  at  still  more  distant  stations,  aa  in  the  case  of  telegraphic 
relays, 

Eloctromsgnctic  Interrupter  for  Tniiing-Forkii. — A  tuoitij,'-f..rk 
of  known  pitch  ts  Mt  lit  vibration,  A«  it  vibratf-a  it  altJTiinU'lj-  makt-s  and 
brcslu  a  current  which  travoree*  the  tunJnj^-forlt  iLnIf.  This  current  b 
paued  JQ  itA  coiime  louiiil  a  !itt1v  Mrdroiiuti^K^'t,  which  i»  Hlt«niat«ly  mailr 
and  unmiuli:!.  Tliis  clt-clrciiiifkgnet  in  ko  nrruiitjvd  wt  altenial«l7  to  attract  and 
rulejux;  oii>-  cif  tin:  [)t»uk«  uf  the  tuning-fork,  wbicb  is  thus  kept  in  coDtiDttoof 
action.  Tile  int«rniitl«igt  current  produced  is  sent  roiiad  a  second  idectR>- 
magnet,  whit-h  rhythmically  attmcts  and  ruleanes  a  Mucond  tuning-furk  ;  ihi»  it 
tbiiB  kept  vibrating  in  unitKtn  with  thu  first,  lvvu  uUboiigh  it  be  nut  prKisely 
in  turn;  with  it. 


As  another  example  of  this  movement  of  distant  masaes  we 
may  take  the  Telephone  in  its  simplest  form.     A  plate  of  iixiu. 
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F,  is  placed  ia  tbe  inngii«tic  field  of  a  magnet,  M :  the  plate  ia 
caused,  by  \mng  spoken  at,  to  enter  into  certain  vibrations ;  the 
vibtatlng  plate  P,  by  induction,  p 
acts  upon  the  magnetism  of  the 
niaj»netM;  the  latter  is  ttltern- 
atcly  strengthened  and  weakened 
in  accordance  with  the  varying 
position  of  the  vilii-ating  plat*! : 
aa  M  varies  in  strL'nj^'th  it  eausiw 
variations  in  the  strength  of  a 
current  pasatng  throiigli  a  cnil,  C.  wound  round  its  pole,  or  else, 
if  there  be  no  appreciable  current  passing  in  that  wire,  it  causes 
a  current  to  be  formed  in  that  wire  whose  intensity  varies  con- 
tinuously on  either  side  of  zero-value,  being  »ow  in  the  one 
direction,  now  in  the  other.  This  induced  current  reprodiices  in 
the  mode  of  its  variation  tbe  complex  Iiarinonic-curve  which 
might  have  been  recorded  by  a  delicate  writing-puint  attached  to 
the  vibrating  plate.  Tlie  variable  cuiTent  thus  produced  passes 
at  the  receiving  station  through  the  coil  of  a  similar  telephone. 
It  there  cause^j  by  induction  valuations  in  tbe  strength  of  the 
magnet,  which  attracts  the  plate  witli  varj'iug  degrees  of  force. 
That  plate  is  either  bent  as  a  raass  towanls  and  from  the  magnet, 
or  ita  molecules  are  disturhcil  by  the  varying  induction :  or  those 
actions  may  be  c^mliijiud  ;  in  any  case,  the  plate  exerts  varying 
preaaure  upon  the  surrouuding  air  and  produces  in  it  Sound- 
Wave3,  which  approximately  reproduce  in  their  complexity  the 
sound-waves  produced  by  the  original  voice. 

It  in  a  mntter  of  mdlft'c-rence  to  tlic  receiving  telephone  liy  whirt  tnBaiif 
ihe  vaiiAtifins  of  ciurent-inK-iiaily  wliich  it  reveal*  Iiavl*  been  produced. 
These  uiAy  lie  ilue  to  Tiinations  of  electromotive  D.P,  (\-ibrstioas  of  one  of 
the  pl«l<?8  of  nn  clet'lrcwtatic  accumulator  or  oscillatory  varialionB  in  ttc 
charge,— wariations  of  the  potential  of  a  nin**  of  nieriuiry  vibrating  while  in 
coutact  with  water  up  and  iluwii  a  couical  capLllary  lube),  or  to  variations 
in  the  total  ruNistoncu  (leiijj^th,  crui%-8u<:Uou,  iJundueliviLy)  of  tliv  eoiLiIuctiii^ 
wire.  The  conductivity  of  the  wrcuit  may  he  caused  to  vary  l)y  «|ueL-ziii|j 
the  wire,  by  causing  a  L-iTtuin  lun^li  of  it  to  vibrate  ;  or  again  by  iul«r- 
pociiii.'  s  certain  length  uf  a  cinduclor  w]mh'.  L-ondnctivity  varies  wilU  vary- 
ing pr^aeure  (taiHU^jihoue)  or  with  var}'ing  ilUitniiuitioii  (photoplione). 

Simultaiieous  Currents. — A  current  varying  in  a  complex 
manner  is  eiiuivalent  to  a  niirahor  of  co-existent  currents,  each 
varying  in  a  simple-hnmionic  manner.  Thus  any  number  of 
currents  may  co-exist  ou  the  same  circuit,  and  may  be  positive  or 
negative.    Of  these  some  may  be  originated  at  one  station  in  the 
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circuit,  others  at  others.  Two  cuirentfi  in  opjjosite  directioua  and 
of  eqoal  strengths  may  thits  pass  through  the  some  wire,  and  H 
led  round  a  magnetic  needle  will  produce  no  efibct  apon  iL 

If  vie  separate  the  equal  and  oppoeite  curroDts  and  put  them 
in  dinorent  wires,  we  may  construct  a  T>ifferential  Galrano- 
meter.  In  this  iiiBtrumfnt  two  equal  and  Beparale  wires  ore 
coiled  round  tlie  same  needle ;  through  theae  wires  currents  m»y 
be  sent  in  opposite  ilircclions :  if  the  two  currents  bo  equal  liie 
needle  remains  at  rest  :  if  either  predominate  the  ueedk 
moves. 


I 

i 


^TvBsHi 


By  meAUii  nf  differential  j^Ivitnoiui^tont  tn-o  "f—fg^  nt^  im-, 
the  aamc  klcgriiphir  win^  At  the  iiatiit  time  (Duplex  Telegrapb^ 
A  has  a  fliiiglc  wiru  lea<ling  front  the  p>iwitivc  pole  of  Iiw  battery  :  Uia  uni^in 
caaoing  ia  tliia  he  di%'ides  iaU>  two  moieties,  which  he  oeotlji  in  cvppOMtc 
tUiectioni  round  the  needle  of  hiH  dilTi.-rei)tiAl  galv&uumulur  :  those  Cw« 
moivties  nro  then  wut  on,  the  one  to  thu  dintout  statiuu  B,  the  other  to  A'l 
owa  ciu'lh-pliiti!.  Ill  the  couim-  of  thi-  one  or  the  other  bmncli-cnrrent  the 
ripenitur  at  A  iuterpU'^u)  ruGiatiuiei!)!  uiUil  lIic  iiitenEities  of  the  fipposed  eur-  M 
rania  round  liie  galvannuieter  needle  are  equal  ;  then,  in  whattyver  wmy  A  V 
iniike  or  bii^ak  circuit,  his  galvjin'onict^'.r-neiKlIe  will  rentAJii  nt^ndy  ■  but  the 
tiewllo  iit  B  will  rfflpnnd.  f^iinilarly,  B  aondfi  .'iij'imlH  to  A,  to  which  his  own 
iDfitniuu-&t  is  mut«.  Tlie  twi>  stAtions  mny  thu4  «ij^al  )<imuItaii*-ou«ly,  two 
operators  hein^  employed  M  i-nch  end,  one  to  transmit,  the  other  lo  rwejve  ; 
and  the  variatioui  of  electric  condition  prnductd  in  the  ningle  connectiDg-viie 
run  through  citm  another  in  »  tniuinur  itniduguiu  ti>  that  in  which  waw 
meeting  on  a  conl  travenw  one  nnotlier, — hut  not  identical,  for  electricity 
has  no  incrtia- 

It  &  current  which  has  300  niajcima  of  iatenjity  per  »econd,  and  anotlMr 
of  say  800  maxhua  per  Hccoiid,  be  sent  alonj;  the  same  wire,  tbe  OMffotiied 
currvnt  will  present  VAiiatioQA  of  intecfity  euch  of  might  be  represented  hy 
the  VLirve.^  uf  t'i^.  -JiQ.  Hupjiotte  a  current  prtveiitiug  fueh  wiattoits  of  ia> 
tunaity  to  he  puiwud  ruuiid  u  M^fl-irtfii  cure  nt'ox  tliu  end  of  which  ii  a  rtecl 
r^ud  tuuud  U)  vihraU'  SCpO  timed  a  sucond,  and  m  odjuKled  aa  to  he  Bttiwcted 
in  the  mnev  of  its  vibrati<inE  wHlti  the  suftiran  corn  altainii  it«  maximnta 
intensity.  The  nteL'l  reed  Wfiuld,  among  other  im}iiil?«s  tn  which  it  wouM 
not  rettpond,  receive  ii  «el  of  300  iiiaxtiimiii<attrRi-tiMnH  per  aecond,  whifh 
w»iilil  Met  it  in  Tibrtttioii.  The  Mtiuv  current  iiiny  he  alM>  poaeed  round  a 
cure,  <>|>po»itL*  tlie  citremity  of  which  i»  placed  a  reed  tuned  to  800  vibialMOi 
per  second  ;  that  reed  will  pick  out  and  will  respond  to  the  mor«  npid 
component  of  variation  of  intensity  of  tbt>  current,  and  will  rapond  to  it 
only.  Further,  suppom;  that  the  several  components  of  variation  are  t»A 
iiut  contjutioue,  \>i\l  iul'.Truptvd  :  the  ctm'Cdpouiiiiig  vibmttona  of  each  r«f4 
will  L<v  sitiLiIai'ly  iulerrupled,  and  oui:  telv^raph-derk  lUiy  be  ocmpicd  with 
Ufileiiing  U)  each.  A  current  whot^c  vai'iatiou  of  inlenaity  in  m  c^implcx 
as  the  sum  of  eijilit  distinct  K.  H.ll.'s  may  ba  practically  rtfMlved  hy  a*  _ 
many  distinct  ri'cei\ing-reed-i  into  dintinct  Rignnln ;  and  aince  the  duplvx 
method  r.f  wi-.rkiii^;  may  he.  applied  tn  tliis  plan,  aa  many  at  aixtecn  diatiDCt 
ini.'wat^i'A  may  cravi'l  along  a  Hini^le  wire  at  the  Mme  timcL  This  is  tfce 
principle  of  Mr.  Elisha  Grey's  Harmonic  Telegraph. 
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The  principle  of  Reversed  Action,  illustTatetl  by  t!ie  receiv- 
ing telephone,  comes  also  into  play  -when  a  oiirrent  is  sent  through 
the  wire  of  a  dynamo-electric  or  n  magneto-electric  machine.  As 
rotation  of  a  <lynamo-electric  machine  produces  a  current  in  a  cer- 
tain sense,  so  an  extraneous  current  sent  through  the  machine  in 
the  same  sense  causes  a  rovetsed  rotation  o£  the  inductor.  In 
consequence  of  tliia,  if  we  couple  two  dynamo-electric  macliiiics  by 
connecting'  wires,  so  that  both  dynamos  (so-called  for  the  sake  of 
brevity)  are  on  the  same  mcUiUic  circuit,  and  if  we  furce  the  in- 
ductor of  the  one  into  rotaLioa,  the  inductor  of  the  other  rotates 
in  a  reverse  sense  as  soon  as  the  current  transmitted  attains  a 
certain  intensity.  The  distant  dynamo,  which  bears  under  such 
circumstances  the  name  of  Electromotor,  may  be  of  any  size  (for 
dynamo-electric  machines  up  to  40  or  50  horse-power  have  been 
oonstnicted),  and  the  simple  nse  of  a  key  or  commutator  arrests 
or  reverses  its  action  iit  will,  The  intensity  of  the  current  pass- 
ing round  the  circuit  is  diminished  by  the  reversed  rotation  of 
the  electromotor ;  this  is  equivalent  to  the  production  of  a 
reverse  current  by  the  electromotor.  The  usefulness  of  the 
arrangement,  the  proportion  of  the  energy  absorbed  by  the  electro- 
motor in  rotating  against  resistances  to  tlie  total  energy  imparted 
by  water-wheel  or  steam-engine  to  the  driving  dynamo,  is  e^ual 
to  the  ratio  between  the  intensity  of  the  virtual  reverse -current 
produced  by  the  electromotor  and  the  intensity  of  the  current 
produced  by  the  dynomo.  This  Utility  is  not  to  he  nieaaurod 
by  the  relative  rapidities  of  rotation  of  the  electromotor  and 
dyimmo,  on  account  of  the  so-called  dead  turns;  the  rotation 
of  tlie  dyuaruo  must  exceed  a  certain  speed  before  any  current 
will  lie  produced,  and  the  current  produced  must  exceed  a  certain 
strength  l>efore  the  electromotor  will  turn.  The  utility  is  tlieo- 
retically  greatest  when  the  virtual  reverse-cuiTent  is  half  that  pro- 
dnced  by  the  dynamo — that  is,  when  the  resistance  in  the  exterior 
circuit  is  equal  to  that  within  the  dynamo  itself.  In  practice, 
however,  this  rule  does  not  apply,  because  the  phenomena  of 
induction  within  a  dynamo  are  exceedingly  complicated,  and  th« 
arrangement  most  advantageous  for  each  machine  must  be  found 
by  experience.  In  general  the  exterior  resistance  should  not 
exceed  42  "/^  of  the  total  resistance. 

The  theoretical  utility  in  arrived  at  tlius  : — The  external  work  done  is  W ; 
the  energy  cinivi-.ried  iiiLi)  Iieat  in  tiie  whole  <Ttrcuit  is  1*B  ;  the  ener^gr  pro- 
vided liy  the  dynaiuu  is  EI.     Thsii  EI  =  I*K  +  W  ;  »  quadrutic  ;  wLence 
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IdtM. 


1  = 


2R 


The  qiiantit;'  (E?  -  iJlVf)  cannot  have,  phyncaU;, 


u  cegatix'c  sign,  for  lis  »quiLre  root  wuuld  thvu  becomi;  an  impofvible  q«a- 
titj.     (E^  -  4BW)  cannot  be  leoe  than  tero ;  whence  "W  cannot  be  graakr 


than 


4R 


E*  E 

when   it   IB   equal  to  -7^  >  I  =  ri^-  >  oD'*!  the  iatensity  bM  liaeB 
4K  zK 


diminished  from  —  to  — ^ , — that  i^  to  oite  half|- 
must  have  been  doublciL 


-while  the  total  neieUBW 


About  forty  per  cent  of  the  energy  imparted  to  the  dynamo 
can  be  recovered  as  work  ja  the  electromotor.  "Where  energy  is 
very  cheap' — as,  for  iDStance,  that  of  water-power,  windcuill -power, 
or  perhaps  tidai  power — or  where  coal  is  very  dear,  it  may  be  of 
advantage  to  resort  to  tliis  mode  of  transiiiissiou  uf  eaei^*. 

As  to  the  thickness  of  conducting  wire  necessary,  there  is  no 
Lmit  other  than  Unit  imposed  by  the  uecesslty  of  very  gpod 
insulation.  An  ortiinarj'  telegraph  wire  could  convey  the  "whole 
energy  of  Niagara  Falls,  and  convey  it  to  any  distance ;  bwl  th« 
wire  would  be  at  so  high  a  potential  that  sparks  wonld  6y  from 
it  into  the  surrounding  air. 

If  a  dyniuao  of  rusistance  5  Ohni«,  ojiil  pruduciuK  a  difference  of  poteolial 
of  1000  Volte,  he  the  Bourcu,  and  a  similnr  mnf.hine  he  the  olectrumofor, 
whili'  thp  rninincting  wire  ofFen  a  rrsislani^e  of  r  Ohmi^  the  intctuity  of  ib* 

current  produced  19  ( \  Amiicres.     If  500  sucb  d>-uan]os  b«  ntopM 

in  file,  their  joint  K.IXP.  n-iU  he  £00,000  VolU,  aiid  Uitfir  rceietaQmi  2AO0 

Ohiu»  ;  if  th«  receiviin;  uli*tlrijiiioU>«  b«  ale*)  iniiUiplied  Hve-hundrclibld, 
their  rcsittancca  will  be  2500  Obms  ;  if  tite  connecting  wire  be  unultered,  the 

intensity  of  the  curKUt  passing  n-ill  be    — - — '■— — Ampi-ivs  ;    but   if 

the  connecting  wire  l>e  nJ»o  600   times  m  lung  iu>  at   tir*t,  the   inbitudtT  b 


I 


500,000 


-  =  (  — ~  -  I  Ampiren,  the 


unie  aa  in  the  foniMr 


2800  +  2500  +  500r 

ThuiiKh  th<:  iiileimily  of  the  current  passing  it  the  tame,  the  energy  trnw- 

uiitted  {wr  ii>cuuuj  u  not  Lhe  ettiuu  :  iL  iu  SCO  tiiues  as  gnaL      In  llic  fonner 

ToltA  or  WatU  -.  in 
,000 
10  +  1-        '  10 +  r 


iweitiB  InUiiifiily  x  E.D.P.  =  f'-^  -^"l  x  1000  Anipire-Vol: 
the  latter  it  w  i— -  Ampferes  x  SOO^OOO  Volto  =°°"-^^'^'^ 


Watts. 


If  the  atuouut  cf  onllow  of  a  Huid  in  a  pip«  were  found  to 
vary  directly  as  the  niotivo  difference  of  pressure,  any  amount  <rf 
energy  might  be  transferred  from  one  place  to  anotlier  by  the 
smallest  flrrw  of  water,  for  any  water  allowed  to  flow  out  of  the 
pipe  might  bo  made  to  escape  with  any  assignable  velocitj'; 
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provided  always  that  the  tube  were  strong  enough  at  all  points 
to  suataiu  nt  all  intermediate  points  the  nfcesaary  pressure. 


E 


B.' 


when  it  ia 


When  tlifl  total  reaistiince  ie  the  iDl<!iiu1  reaurtjuice  R^,  [ 

E 
(Ri  +  R,),  I,  =  -- — -^  .     Thtaf  two  difitinct  wtB  of  cireunwlan^e*  ar«  hakeA 

together  by — (1)  The  crit«non  of  amximum  atiUty,  R,  +  ,  =  -—    E, ;  aud  (2) 

58 
The  energy  importetl  to  the  dynaniM  is  a  cniisUuit,  =  EI  =  EJ,  =  N  tigt. 

From  these  i-quutiona  -m  find  I,  =    /-^^    ^  ,  and  E  =  K,+ j:,  =  (—  R,") 

/   /^^r^\      /ioirrz     YJ^^  ^^^    '' 

Vv    fci'oR./~V    "oB  ^^  ~  ^^ +  •'*'■     ^^ 'nnat  BOW  chooM  nmnerioal 

values  for  B,^„  thv  total  resigtance  interaal  imd  extcmid.un^  X,  tliu  itiuutmt 
of  energy  imparted  to  the  pyfttem.     Wr  flhall  Hue  U.G.S.  EluclRistalie  iimtA. 

Lut  the  reosunce  be  that  of  2000  kilonietrce  of  copper  vrirv  cii  1  mj.  cm. 
ill  croB0-iic<!tion,  awl  that  of  x  dj-niuiios  und  x  cIcctromotorA.  The  dynamoA 
ftn-  catli  nippciwd  to  generate  an  E.D.P.  of  1 000  Volts,  or  3j  CG.a  Electro- 
Hlutic  unitA.     Their  number  must  ht  (E,  --  3j). 

Let  the  joint  resistance  of  each  dynuuo  and  motor  be  10  Ohms,  or 

— —   C.G.S,   Ekctmetatic  unit  of  rKsistance, 

90000,000000 

the  (E,  -=-  3J)  paira  uf  njachijies  will  be    J  (E,  -^  3j)  x 

E 
— — -i — - —  C.G^.  Eieclrostatic  imita, 
300,000,000000 

llie  wire  (4000  kilotiictrci)  will  offer  a  re«istanee  of  about  64B  Ohms,  or 

S16 


Tlie  reBiatancfl  of 
1  I 


90000,000000 


or 


ElvctixMtatic  C.Q.S.  units. 
1 


300,000,000000 

The  total   resiKtan«e  B|.(..  = 
nnlta. 


300,000,000000 


+  216 


i.aE.s. 


Let  N  be  the  energy  of  the  Palls  of  Niagara,  mtasured  alM  in  C.G.S. 

nnitii  or  ergs,  AKoiit  1  OO.OOOOOO.tlOOOOO  gramniea  of  wati>r  full  ptr  hour 
through  ft  height  of  nbout  ■IS.'JO  cm.  The  ]<ut«iitial  t-nergy  \oM  by  the  watur 
is  about  132,000,000000,0001*00  vt^h  per  Becond  =  N. 

The  cqnation  E^  =  vB,_t^^  is  uww 

E  =      / '  I  E,  +  216  I  X  132,000,00OOOO,OOO0O0,aquad- 

'       V    300,000,000000 1     '  /  '        '  '  '     ' 

ratic  ;  whence  E,  =  440,020  C.G.S.E.S.  unite  or  13S,006,000  Voiles. 

If  iron  lelegruphic-wirc  4  mm.  in  diar.  were  used,  it*  resistance  would  he 
[the  reaistaiice  of  iron  bein){  -^J   that  of  coppor)  31680  Oh  inn ;  Ibe  totAl 

*  I  ^  +  352  I  and  E  =  460,320  0.aJ5.E.S. 

Uo  J 


Teoetancc  would  he 


10000,000000 
nniUi,  or  I3fl,096,fl00  Volto. 

No  pntctiiMtVW  inEiilatlos  could  be  t>et  tip,  auleqnato  to  nutain  pcrmanv^titly 
»o  gnett  a  6tres8,  which  corrwBpouilg  in  the  last  caw  to  a  ittnkin|{  dinlanoc  of 
about  half-a-mile  in  air :  and  no  dynouio-vlcclric  nunrhioes  could  b«  ranged  in 
Qle  to  the  number  scceB»ar>',  for  the  iugalation  of  thuir  coiU  would  break  down. 
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It  is  practicable,  bowerer,  with  imlinary  telegraphic  wires  iiuulat«<l  ia 
the  ordinwy  vmy,  and  with  a  I  e-horea-power  dyaamo,  to  drive  a  6-hon»' 
power  okclrumulor  ut  ii  JistAiic«  of  30  mile*. 

The  VfiK  aiuEt  uliKi,  by  pufsessing  tufficiksnt  tUiciuvsk,  offer  «o  UlUe  t«rit(- 
once  tb&t  it  in  not  «u  fur  hcutcd  us  tu  dtttvriuratu  tu  conductivity. 


Thb  ^Nature  ov  tiik  MAON-ETia  Fikud. 

If  a  plane-polariacd  beam  of  light  he  sent  tlirough  a  magoetic 
field  occnpied  by  a  tmnspareiit  mtw^iiim,  its  plane  wil],  by  the 
retardation  or  accelomtion  in  phase  of  one  of  its  circular  compon- 
euis,  be  rotated.  The.  sense  of  this  rotation  depends  npon  the 
direction  of  the  linbs  of  force  and  wpim  the  nature  of  the  mcdinm ; 
its  amount  depends  upon  the  thickness  and  the  nature  of  the 
medium  and  upon  the  intensity  of  the  field  {resolved  in  the  direo- 
ris.sea.  tion  of  the  ray).  In  iliamagnetic  substaocea, 
and  in  Hint  glass  and  a  few  mn^etic  substances, 
the  direction  of  rotiitiou  of  the  plane  of  polar- 
isation is  that  shown  by  Fig.  253,  in  which  AB 
represents  a  line  of  force,  and  the  arrowed  circle 
represents  the  direction  of  rctatiou  of  tlie  plana 
Whether  the  ray  travel  in  the  direction  AB  or 
in  the  direction  HA,  the  absolute  rotation  im- 
parted to  it  on  its  transmission  through  the 
niRgnetic  field  is  the  same ;  whence,  if  it  he  reflected  from  a 
mirror  and  sent  buck  through  the  field,  the  rotation  of  its  plww 
will  be  doubled. 

In  most  maj^etic  media  the  direction  abovc-mentJonol 
reversed.     The  rotation  is  better  marked  in   solutions  of  ttk^cBl 
than  of  iron,  and  in  uniaxial  crystals  it  ia  mast  marked  along 
the  axis. 


— H-^ 


.J 


i 


Ball's  Bzperiment. — A  tliin  cto»  of  gold  leaf  on  a  pteo  of  ^U/m 

A  curruui  front  a  battary  famtt 
^is-SM-  thruii|j;b  two  iiriiia  of  the  croaif  liot 

diwa  not  affect  a  ^I vanometer  eoo- 
ULH'tHd  with  thf  cither  two  widk. 
When  th(>  crui««  is  nuid«  to  bee  iIm 
linc-ti  of  force  of  n  strong  nmgnerie 
fli'ld,  a  cotit'tnnt  current  ia  tndiMlad 
by  the  (^Iv-nnumeter.  The  commt 
of  the  pile  ia,  u*  it  were,  pushed  inta 
the  galvauoiiiel«r  cirvuit, 

Kerr's  Bxperlment — Light  ivUL-ct«>l  fnmi  tlir  poliKhtd  &oe  of  • 
nia^jnet  undergoes  rutatiun  of  thu  pliiim  of  iU  paUnKilinn  :  wfaen  kHmImI 


I 


from  Cliti  north  pole  it  is  rutalnl  i'mm  left  io  right 
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Maxwell's  Theory. — These  plienumena  can  be  explained  nnd 
deduced  from  ouc  anutUer  by  supposing  that  there  is  some  kind 
of  rotation  round  the  lines  of  force ;  and  this  rotation  rnay  be 
regarded,  with  extreme  probability,  as  rotation  witluii  extremely 
small  whirljwola,  wUoee  common  axes  are  arranged  in  the  direction 
of  the  lines  of  force. 

This  condition  in  the  magnetic  field  is  not  assumed  instant- 
aneously. There  ia  a  period  of  ndjustment,  and  during  this 
period  the  phenomena  of  the  Variable  State  and  of  Induction 
appear:  these  are  due  to  the  forces  called  into  play  when  the 
velocity  of  the  whirlpools  or  vortices  is  changing  CClcjk  Maxwell). 

During  these  changes  the  mechanism  connecting  the  vortices, 
whatever  bo  the  nature  of  that  mechanism,  is  exposed  to  Stress 
which  is  equivalent  to  Electromotive  Difference  of  I'otential;  if 
that  mechanism  yield  elastically  there  is  Electric  Displacement, 
and  the  return  to  the  iioiTnal  condition  gives  rise  to  an  Electric 
Current. 

Maxwell's  Theory  of  Light. — Tlic  same  kind  of  stress  has 
been  shown  liy  Clijik  Maxwell  to  be  perfectly  competent  to 
explain  tlie  pheiiomena  of  Li^-hL  The  condition  of  the  medium 
occupying  tlie  patli  of  a  beam  of  light  is  equivalent  tn  that 
wliich  the  same  region  would  assume  if  exposed  to  the  induction 
of  rapidly-alternating  currents. 

Tn  a  non-conductor  there  is,  under  the  action  of  such  stresses, 
an  electric  displacement,  and  energy  is  stored  up  in  this  displace- 
ment; but  in  a  conductor  any  disturbance  is  propagated  as  an 
electric  current.  If  Light  be  an  electromagnetic  phenomenon 
two  conseqtiences  foUow.  The  first  of  tliese  is :  Since  in  non- 
conductors  the  displacement  produces  a  restitution- force  which 
varies  aa  the  displacement — a  criterion  of  \-ibratory  movement 
propagated  with  a  definite  velocity;  but  in  conductors  no  such 
force  is  manifested,  and  the  energy  of  electric  disturbance 
must  800U  be  converted  into  heat:  That  light -vibrations  are 
not  possible  in  conductors,  aud  conductors  should  be  always 
opaque,  while  non-conductors  ought,  if  homogeneous,  to  be  trans- 
parent. With  few  exceptions  this  is  the  rule.  The  second 
consi^quence  ia  that  v,  the  velocity  of  propagation  of  an  olectn»- 
magnctic  disturbance  in  a  non-conductor,  ought  to  be  the  same  as 
that  of  light.  This  constant,  v,  is  otherwise  proved  to  he  the 
same  as  the  ratio  of  the  electrostatic  to  the  eloctromaguetic 
um't  of  electrical  intensity  or  quantity  presently  to  be  explained ; 
and  this  ratio  is  experimentally  found  to  be  such  as  to  give  v 
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the  mean  valuB  uf  30,000,000000  cm.  per  sec.,  vliicli  coiucidea 
auffioiently  with  the  velocity  of  light 

Meaaurement  of  v. — The  taXioa  between  t]i«  eleetronugutM 
electrusLitJc  uiiiu  muy  ^X!  <let«miine<l  b;  several  methods,  of  whida  two  ntf^ 
he  token  oi  oxnmplea. 

Weber's  ractliod. — Chai);©  a  Lcydca  jar  with  a  known  (^uaatitjr  U 
electricity,  Q  ;  diBcbarge  thi^  jur  tlirauHb  a  wire,  wkicb  puaaea  roDiul  a  gtl- 
vulioiiLiitcr-iLttttille.  The  i^uuittity  of  EiecLricity  iioAsing  thruugb  tbc  galrUH^ 
[Dcti'ir  may  Im^  iik-jliuiviI  iii  li'nii*  ol'  t1it>  il<-viati(jii  iiiulcrfjou*  by  the  nee4te 
ia  conwiinrucv  of  br-in^  tbruwu  by  tlin:  iti«UiiluDf<jiu  current.  Tbis  gJTw 
the  ((uaiitity,  q,  in  «1uctroiaii^it.-tic  im^jutire.  Thvue  sepamtu  measureoiect«  of 
the  numerical  ^*ulae»,  Q  and  q,  ot  tbo  dim  quantity  of  electrici^  gtTO  the 
ratio  between  tbe  ekiL'trostaUc  njiil  tlie  elvctrotnagnetic  uoiL 

Sir  William  Thoniiiou's  metliod. — ^Tlie  two  endii  ufjt  wire  of  gnat 
recistance,  R,  are  kt'iit  iitii  miixtatit  |iim-iitialHli[TiT«urL>,  E  ;  a  cotutani  curmi 
rnnK  tlinnif^h  the  wire ;  this  currLot  is  found  to  have  an  inti^-nittly  • 
C.Q.S.  clectromagTietic  units  ;  tbo  difference  of  polcntial,  electmQuLKnctioillT 
uicaaured,  in  (by  OliniV  law)  e  =  t'K.  E  and  a  bear  to  one  another  tho  relatton 
of  1  :  ti ;  whence  v  may  be  found  nuuierically. 


I 


If  an  electrostatically-chai^d  body  could  be  whirled  rotuid  b  " 
magnetic  needle  at  the  rate  (?f  30,000,000000  cm.  per  seoond. 
it  ought  to  act  upon  it  in  the  same  way  as  a  circulating  electric- 
current.  At  verj'  high  speeds,  sucli  as  are  physically  within  aar 
reach,  the  same  effect  should  he  t^ibaen'ed  in  small  degree,  and 
Prof.  Howlaud  of  Baltimore  has  auweeded  in  making  it  manifest. 

Electromagnetic  Measure. — We  must  distingubh  betwevn   h 
Units  and   Mi-asurt-s.      A  given  distance  is  numerically  greater  I 
when  measured   in   iuches    than   when   meaaurod  in    miles.     A 
current  of  given  intensity,  I  in  electrostatic  units,  must  be  repro- 
scnted  by  smaller  numbers  when  electroma^Tietic  units  are  osed ;      , 
a  current  of  I  =  fiOOOO.OOOOOO  is  a  current  of  t  =  2  ;  but  tbe 
C.Cf.S.  electromagnetic  unit  of  intensity  is  30,000,000000  times 
as  great  as  the  C.O.S.  electrostatic  unit. 

Dimensions.^ I ut«ii»ity,  i.  A  current  of  olectricity  whoee  intflnntj 
ia  elucti-uaUitically  rupre«iiitud  by   1  will  bu  rcjjruwnted  electromagneticall; 

by  only  (  -  ]  miitx ;  wln-iicr  ii  currwnt  of  I  CG5.  eWtrraiatic  nuita'  JntPB- 

sity,  wEiich  hax  diineDsionH  MILIT*^,  will  have  in  electromagnetio  meam* 
dimenrions  [M*L*T-']  -5-  [LT-i]  =  [MiLlT-"]. 

Q\iantity,  9,  =  Intenaity  x  Tintt-  =  [M1L»T-']  x  [T]  -  [M4U]. 

Poteutial^  or  Differvni,-*!  of  Pok'nlinJ,  f,  =  work  doue  -5-  qiiantitx  "^ 
electricity  upou  whicL  work  ia  done  =  [ML'^'T"']  -^  [MiU]  =  [MtLfT-*). 

Klcetrical  Forti',  the  forci!  actin;*  on  elcctrotnaj^edc  unit  of  «iaaiit)lj, 
Ibi  dimcnaiona  are  forcu  -^  quatitity  =  [MT.T-^]  -r  [MILI]  =  [MtL*T->I 

Reaiatance  =  difforence  of  ]»ot«ntiaI -^  catTcnt-iriU^n™ity  =  [MII.IT-'l 
-=-  [MILKT-i]  =  fLT-i],  * 


I 
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Capactl;  u  qtiauLity  uf  uluctricity  tsLoruJ  up  pur  luut  potoDtiul-iliEcrunce 
pwducijil  by  it  :  ius  dimcosbua  aw  [MiL*]  ~  [MtL^T"^]  =  [L"  'T-iJ. 

Specific  Cuaductivity  :  liis  intcouity  of  current  poaBin^  aurow  unit 
area  under  the  aclian  of  unit  force.  It^  ditiiensionii  are — current-iiittauity  -^ 
(lurce  X  ami)  =  [MtUT-'J  -h  [(MlUT->  x  L»)]  =[L-«T]. 

Specififl  r«Bist&iico,  the  recipiwal  of  tItuBpecific  dtjnductivity ;  [LT"']. 

From  these  dimensions  we  find  that  that  which  is  menaurod 
elcctToatattcally   as  a  current  of  intensity  I,  is   eleettoningnetic- 

ftllf  a  current  of  intensity  (  -  )  =  i.  Similarly,  by  comparison 
with  the  electrostatic  raeasurea,  we  fiud  that  electrostatic  quantity, 
Q,  ia  nunicricaUy  expressible  as  ( — )  electromaffnetic  units  ;  po- 
tential-difference, E  in  electrostatic  measure,  as  (Ej?)  in  eleciro- 
nu^netic  ;  resistance,  K  electrostatic  units,  as  (Rw^)  eloctromQfjnotio 

imits ;  capacity,  C,  OS  (-3)  electro  mapictic  units;  specific  con- 
ductivity and  rosistaace,  equal  to  c  and  r  electrostatic  unite,  arc 
respectively  equal  to  (cw*)  and  {-^j  electromagnetic  units. 

Some  of  the  units  of  the  C.G.S.  Electromagnetic  System  are 
inconveniently  large  or  amalL  It  is  therefore  the  practice  not  to 
use  the  C.G.S.  electromagnetic  units  of  electrical  quantity,  in- 
tensity, resistance,  etc.,  but  to  build  up  an  electromagnetic  system 
baaed  on  new  units  of  length,  /,  ami  of  mass,  m.  Tlicae  an; 
respectively  1000.000000  cm.  and  tho  100.DOO,OOOOOOt]i 
part    of   a   gramme.      The    unit    of   current -int-euaity    is    then 

[mW-^]  =  [(     ■-       •*-  =  W)  X  ( ^/1000.000000  I>)  x 

L^^/100000,000000       / 

IT       1   M'L*       1 

™  I  =  i-T,  — Tp-  =  J7.   C.G.S.  Electromagnetic    Unit.      Tliia    new 

unit  of  intensity  ia  the  Ampere.  In  the  same  way  we  find  the 
unit  of  resistance,  tho  Ohm,  =  10'  C.G.S.  Electromagnetic  Unita. 
The  Megohm  =  1  million  Ohms ;  the  Microhni  —  one-milUontli 
Ohm.  The  unit  of  diflerence  of  potential,  the  Volt,  —  1 0'  C.G.S. 
Electromagnetic  Units ;  the  Megavolt  =  1  million  Volts ;  the 
Microvolt  =  one-millionth  Volt     The  unit  of  wipacity,  /''T',= 

1000,000000T=  1000,000000  ^■^■^-  Electromagnetic  Unit= 
1  Farad.  The  Farad  =  1 0  -*  x  one  C.G.S.  ElBctroma<,metic  Unit 
of   Capacity ;   but   the  latter  unit   i.s   equal  to  the   electrostatic 
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unit  X  v',  or  to  y  x  lO'"  Electrostatic  Units ;  the  Farad  is  there- 
fore equal  to  iO-*  X  3  X  10»=  9  x  10"  Klectrostatic  Uuits  o! 
Capacity.  The  electrostatic  capacity  o(  a  sphere  is  equal  to  its 
radius,  because  the  potential  over  the  surface  and  throughout  the 

Q 

volume  of  a  sphere  of  radius  R  cliarged  with  quantity  Q  is  =t, 

n 

and  the  capEicity,  which  is  equal  to  charge  -^  potential,  is  there- 

Q 
fore  equal  to  Q  -h  k  =  R ;  a  Farad  is  therefore  the  capacity  of 

a  sphere  of  9  X  10"  cm.  radius,  and  for  conveuience  the  standard 
in  use  is  the  Microfarad,  the  miUionth  of  a  farad. 


Practical  tTnita. 

Id  Uinstty — Aiupire 

Quftntity — Coulomb 
Potenti&l — ^Volt 

Besistonce— Ohm 
Oapadty — Farwl 


KumboTof  C.G.S.  ElMtro-     Numberof ao.S. 
ttatic  Unit*. 

3000,000000 

3000,000000 
1 
300 

1 


900,000,000000 
800,000,000000 


1000,000000 

1 


1000,000000 

In  eltctric  li^litin^  a  o^rtain  unit  ib  frequently  miide  tiRc  nf  u  a  coavtn- 
tjonal  hiw'iB  for  catimnting  tlie  fliiin  dne  hy  the  c<)nRum«r.  This  unit  repre- 
sentii  1000  Ampfepe-Volt-Hnnrs,  iijid  i«  eqiiivaknt  to  the  Ernergy  conveyed  by 
«  current  at  nne  Amptire  intftnKity,  pacing  doMii  a  full  of  potential  of  out 
Volt,  and  MiatAJn/Ml  for  1(100  houra.  This  amoiuit  of  EDergj  =  1  Ampire- 
Volt  or  Wfttt  X  3,600,000  sec,  and  «  thcpeforo  equal  to  (10,000000  x 
3,000nOOJ  =  3(1, 0000 0U,OOOOCtO  Ergs  or  S,fi:}4,340  foot-po»iid»,  or  alxiat 
86&  Calorie*  ;  and  tlie  commercial  unit  of  current  in  a  ciirrvnt  fA  uiT 
inteimity  cMiit.iniied  iiiilil  lliia  quantity  u[  ensTjjy  hew  been  transmitted 
tlLtt>u^)i  Iho  cociMiniRr'i)  .i]i])!ir»tu«. 

The  hasis  of  the  Electromagnetic  System  of  Measurement  is 
the  identity  of  effect  between  a  closed  current  of  electromagnetic 
intensity  t,  and  a  magnetic  shell  of  the  same  contour,  whoee 
magnetic  strength  is  nutnerically  the  same,  "being  also  equal  to  v 

If  we  suppoBO  A  Trire  1<onrin^  a  current  nnd  one  cm.  in  lengtli  to  h«  bent 
into  t%  circular  arc  whoM  radius  is  one  cm,,  and  if  wp  suppooe  a  unit  nitk^etic 
pole  to  he  jjluccd  at  the  centre  of  the  circle  of  whi<:h  the  circular  arc  fornu  a 
part ;  and  if  we  further  Buppoae  that  the  force  cinrtod  by  tlie  current  opoo 
the  unit  niiif^ntit-pole  is  ec^uul  In  one  dyne  ;— ib^n  the  cumnt  U  one  whow 
intensity  is  in  vIwctrornJiKni^tic  measure  equal  (o  unity.  In  such  a  caw 
{ =  1  ;  and  this  may  be  tiikvn  as  a  delinition  of  the  electromagnetic  unit  of 

it 

intentity.     The  gcntml  formula  is  /=  m  3,  where  /  is  the  foree  exerted 
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upgn  a  magaet-polc  pliicvti  al  tlii;  L-cnlrv  uf  iii«1l  ad  arc,  m  tbe  strengtb  o( 
that  pi>le,  t  tlm  iutviinty  of  Uic  curif-'Ut,  I  tbc  Icu^th  uutl  r  the  radioi  of  the 
circular  an  into  which  tlic  wir«  in  bciiU 

The  pgttintial  diirerH  in  this  case  fn)t[i  thu  furcc  exerted  in  having  r 
iuleutl  uf  r'  as  itB  diviiwr  (cgiiip.  p.  170).  When  I  =  £iit,  a  vholo  dr- 
cumhreince,  it  is  eney  to  show  tlint  the  pntf^ntiil  is  SW  '  m,  the  snme  aa  the 
mutiui]  potentiftt  of  a  magnetic  thcU  of  «trcngtli  t  and  a  niognetpolb  m.  placed 
very  neat  its  nurfacc. 

The  Intensity  of  a  Ctirrent,  electromagneticftlly  measured,  and 
the.  Magnetic  Strength  of  a  sliell  must  accordingly  have  the  same 
dimenaioTis.  The  Magnetic  Strength  of  a  magnetic  shell  ia  (p.  604) 
numerically  equal  to  the  product  of  the  Magnetic  Quantity  per 
unit  of  area  Into  the  Thickness  of  the  shell ;  its  dimensions  must 
hence  be  thoae  of  Magnetic  Quantity,  divided  by  an  Area,  and 
multipliod  by  a  linear  Thickuass  ;  but  the  dimciii^iotis  of  Magnetic 
Quantity  must  (since  tlie  imagiuaiy  magimtiu  matter  obeys  laws 
rasemblijig  those  of  attraoting  or  repelli]ig  electric  matter, 
similarly  imaginary)  be  like  those  of  electric  qmtiitity,  [M'L*T"'] ; 
the  dimensions  of  Maguet-Streugth  are  accordingly  [M*L*T"']  H- 
[1/]  X  [L]  =  [M'L»T-'];  the  Electromagnetic  Unit  of  Intensity  has 
the  same  dimensions,  and  therefore  differa  fi-om  the  electi-ostattc 
unit,  whose  dimensions  arc  [M*L*T"*j,  by  the  terra  LT''  which 
represents  a  Velocity :  the  ntunerical  value  of  this  velocity  must 
he  found  by  experiment,  which  shows  it  to  be  30,000,000000  cm. 

The  electromagnetic  units  of  measurement  have  all  been 
derived  in  theory  from  tho  elcctromaguetic  measureuteut  of  inteu- 
sity  of  a  cuiTeut:  the  electromagnetic  measurement  of  a  current 
is  therefore  a  fuudiuuental  measurement.  It  is  eCTectcd  by  the 
use  of  Galvanometers  and  KlectrodynamomeLtirs. 

A  current  sent  thmueh  a  Tangeut-galvaQotnetar  for  a  Icna-nm  ver>'  ahort 
iod  T  produces  a  deflection  5  wf  the  needle,  which  hikefl  pluce  in  ohcdicnoc 
th«  momentary  impulM*  impartc-d  bj  tlie  current ;  the  intL'nsity  of  the 

T 

ciurent  in  i  ac  — .  S  nn  i  5,  where  T  is  the  catntal  period  of  tbe  needle's 

Oscillation  in  the  tfrreetrial  magnetic  field.  Tht*  mnataitt  whidi  'vt  nt^cewtary 
in  onler  to  convert  the  above  proportiimality  into  an  t;([UiLtion  iii  the 
Kediictioii  Factor  of  tho  KalvAnonicter,  aH<i  is  c-qual  to  the  ratii>  Wtwc^n  tlie 
Int^nEJIy  of  a  etcodr  dcflectinf;  current  [wiKsing  tbroii^h  thc^  f^idvanonii-t/r  (on 
a  numerator)  and  the  tan^^citt  of  tbe  angle  of  deflection  of  the  nccdlt  pro- 
dnced  nndcr  its  influence  (an  a  denominator). 

In  the  former,  the  elementary  forms  of  which  have  been 
described,  it  is  well  to  produce  as  uniform  a  field  of  force  as  pos- 
sible. This  is  effected  hy  arranging  a  number  of  coils  so  as  to 
surround  the  field,  not  wholly  but  in  outline.     For  Sensitiveness 
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each  winding  of  the  wire  is  made  to  come  as  near  the  msgiiet 
as  is  practicabla 

In  tlic  latter  tbc  carrent  is  passed  ttiroiigh  a  coil  wliich  is  siu- 
;|:«u(Ied  witliiu  a  strong  and  imiform  magnetic  field,  such  as  Uiftt 
productjJ  by  jjowtrful  ek'ctroDiagnets  actuated  by  a  second  current, 
VI  again  by  fixed  coils  tliruu-^h  which  a  secund  current  is  passing, 
The  deflection  of  the  suspended  coil  depends  upon  the  strength 
of  the  current  passing  through  it,  and  also  upon  the  strength  of 
the  magnetic  li«ld  sun-ounding  it.  If  the  same  current  travene 
both  the  fixed  and  the  suspended  coils,  the  rotating  oouple  is  pro- 
portional to  t',  and  therefore  to  the  energy  of  the  current 

If  the  movnlile  coil   be   free  to  slip  iiji  and  down  the  axis  of  I 
a  fixed  coil  in  whicli  a.  current  is  passing,  the  inner  coil  mar  bfl 
sucked  in  or  ntpeUed  wilh  n  force  which  maybe  balanced  and| 
measured  by  kmwn  weights  :  or  if  the  cun'ent  in  the  suspended  ^ 
coil  be  variable,  the  tension  tending  to  draw  it  in  to  the  &xed  cxal 
may  be  made  to  act  against  a  apring,  and  graphically  to  record  its 
own  variations  upon  a  uniformly -moving  piece  of  i>aper. 

The  prLDcip1«  of  the  <lifferenti»l  [^TBiioinet«r  niay  be  here  applied,  m  in 
Prof.  LatigleyV  Tlienuic  Balance.  Tte  sunpeiidKiI  toil  Is  eompowd  of  twv 
KpaTut«  w)r«ei  wound  toK^tLer,  but  inHulakd  frum  i>iic  auotber :  a  naf^ 
cmTunt  ia  dividud  into  two  equal  mnictiea  which  mn  in  oppnaitA  directiou 
through  Uic  two  wiiTs  or  the  coil ;  there  is  no  effect.  The  Ivwl  variotim  ia 
nne  ur  ihew  mnietiica,  an  when  the  condnctirity  of  its  path  is  offi^tad  hy  iht 
tncal  application  of  hent,  uaaacs  imperfect  compenmtinn,  and  practically  > 
small  uncompensated  current  paBoeii :  however  feeble  tlm  may  be,  it  caa  I* 
r^nderfd  manifest  and  menmirable  liy  iccruwing  the  strength  of  tUs  ougavtie 
field  within  which  the  dnuhle  coil  is  niispeDdetl. 

ITic  part  of  the  diviilft!  circuit  to  which  heat  may  \ie  li^callj-  applied  nirr 
he  an  excaedinfily  thin  strip  of  platiuiini.  Tlii»  may  bit  iinive<l  up  aad  down 
say  in  tlie  dark  region  of  the  apectruui.  In  Hunia  [»lac«a  it  is  healed,  IB 
othen — d».rk  liiicii — it  in  not.  By  Lhim  groj^in^  in  tbn  dark  it  disooTcrs  ih* 
dark  lined  of  thu  hunt  spcctnitu.  Au  imtrumuiit  uf  thia  kind  it  seneitin  Id 
diffuru'uces  wf  tcmptiniture  of  y^o^ja  F". 

It  will  bo  kept  in  mind  that  all  our  statements  as  to  positive 
and  negative  quantities  and  currents  are  based  upon  the  purely 
arbitrary  convention  that  vitreo'us  electricity  is  positive,  and 
resinous  electricity  negative.  Ttiis  convention  happens  to  har- 
monise with  that  which  regards  the  north-seeking  end  of  a  magnet 
03  its  positive  pole.  We  do  not  really  kmow,  however,  in  what 
direction  an  electric  current  travoLs,  or  whether  it  may  not  be — 
as  there  seems  some  reason  for  believing  thiit  it  is — .the  sum  of 
two  np|ioeed  currents,  projiagated  simnltaneously  from  the  two 
poles  of  a  battery. 
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Chaluur." — Rankine'ii  Pajiers.  —  Sir  Willinm  Thoiniton's  Pa]<era. — Tovit^ 
"Aiialy  tioil  Theory  of  Heat" — Tail'*  "  Theniiodynjunioi "  and  "  Heat." 

Light  and  Radiant  Heat — Pr^rort,  "Ou  Calorique  nyannuit" — (BavT««  do  Frcnwl, 
dp  Caucliy,  d'Araga— Wcbcr,  *'G«chichto  derOptik."— Hocr,  "  ili^aro  Optik." 
— (ilazcbrook,  "  I'hysical  Optics," — Woyd'e  "Undulatory  Thmry  of  Light. " 
— Bi^Horcl,  "La  Ltimiferc  :  aw  caiiaeaot  iiesultotii. '— Moigno,  "  lU'prrtatn 
ii"Optiiiuc."— Badcin  Powell,  "View  of  the  Undulatory  Thwry  aa  appUcd  t« 
the  Disporsioa  of  Light  "-LoiidhoU,  "Thp  Polaristope." — Loantcl,  "Optica 
and  LiRtit."— Lockyer,  "S|M)ftrmfi  Aiialj'Hiiu"— MaciuUDu,  "TTuSpactroacopt 
ID  Mi-diciiie."— linneiiborg,  "Tbe  Um  of  the  Sp«CtroMopo  la  ita  applioalloo 
to  ScieiitiHc  Moilii.'inn"  (New  York:  Putnani). — Tidy,  "Optics  a^iliad  to 
Mnlicinc"  (Cantor  Urturat,  1872-S},  — Locooto,  ".Sight"  (N«w  York: 
Ajiplclou). — Rood,  "  Modern  Chrumatica." —  Ilelmholtx,  "  Physiolo^iwlM 
Optik"   (Fronoh  tnuiBlatioii  by  Javal    and   Klcto). — Stokoi'i   "OoUeetnl 

P.lpCM." 

Electricity  aod  UasncrtlBm.  —  Cltrrk  Maxwiill.  "  ElemcnUry  Trwtia<h'*— CWrk 
Maxwiill,  ■'Treatise,"  io  2  ToIs.~Uascan,  "Traits  d'KleotriciUi  Statique."— 
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MnccATt  B111I  JonbPrt,  "  Lc^ns  sat  rEloctricite  "  (2  vols. ;  one  voL — the  theo- 
relitnl— publish pd.  iin4  trnnKUt«il  liy  Atkinson). — WkdMnmti'fl  "Dio  Lchrc 
vun  iler  Elektricii^t,"  i  toIs.  (two  Tola.  puUisliod ;  iitlandcd  to  rejilam 
WkHlonjiina'a  "GalvwiiEnius ;"  a  most  admuraUe  atonhoiue  or  experi- 
ni«tital  inramiatiuiO-— (^<"^<"L>  "A  FhyBlciii  Tntalino  uii  Elculricity  and 
MaguetOBm,"  2  T0I&— Garivl,  "Tiaitj  jiratiquD  d'ElwtrU'itii. "— Flcemiug 
Jvnkin,  "  BItutricity  aad  Magnctuin."— Siivanus  Thompson,  "  Elvmentsry 
Lcuona  in  Bleutn^utj  and  Mn^otiioii. " — Xoail  and  IVfu-n,  "  Sttidunt's  Tost 
Book." — IVr^uson'a  "  Elwtruity,"  Dlylli'M  editiuii. — Frederick  Gutlirla, 
"  Ma^iintMiii  and  Electricity." — A.  C.  lJcit|tterel,  "Traitu  d'Elotlricit*." — 
Ri«Bd,  "dift  I^hw  von  tier  ItcibnngNclrlc trio  1  tat." — NeiirnauR,  "Thwrie  det 
Mapiotiimiia."— Boer's  "  Einleituug  in  dor  ElektrMtalilt."— Airy,  "  Mi^at- 
law. "  —  Do  La  Rivo,  "Electricity." — Unmplirey  Lloyd,  "MngnoliBin." — 
Laniout,  "  Erdmaguotiaiuiis."— Frulilicli,  "  MaKui-'tiitnua  utid  ElvktricitdC." 
^I'laiitf,  "Kecliowhea  sur  I'Eleetricite." — Cuuiimiig,  "Theory  of  Eloo- 
Irici  Ly."  — ScrpicH,  "11  E*ot«Dzialo  Elvttrico  nail'  insugiianiouto  clemeutan 
della  Klettrvxtaticik." 

Puradfiy,  "  l{««enrchM  in  Electricity, " — Sir  William  ThotUHon,  R«priat«d 
Pa[iur»  oil  "  KJcdrontntif^"  and  MagnolUm,"  and,  in  part,  liia  otiier  reprinted 
pftpew. — Clatuiu*,  "  MMlianimliB  Bvlmndliiug  der  ElcktrkiLiL"— Ampint, 
"Th^orin  dca  rhcnomcnea  tlcctradyuinmiijuea.  " — OauM,  "  GMUDinalte 
VTerke."— H«lmliolti.  "  Wijawnarhoaiichc  Abhandlungon,"  B<L  I.,  1888; 
Bd.  n.,  1883. 

Du  Monccl,  "  Loa  AppUi^atiociB  do  rEJoctricite,"  6  vola,  1878. — Hospitalter, 
"  Lest  ApplivatioDK  dc  I'EloctricUiJ." — British  Pi]it«nt  Office  Cataloguoa  ofSpKill- 
catioiiA— Piig*t  Ilk'ki,  "  Eloclric  TniiiniuiMiun  of  rywer."— Prestwtt,  "  Elec- 
tricity and  thf.  Kle-^trio  Teli^raph." — I'miicnH:,  '"I'ho  TelfljdionB,  ths  Electric 
Light,  and  oilier  recont  inventioMB."— "Enffinopriug"  .Snmniary  of  Electrical 
Patetita. — Sidiellnn,  ''  Dir  mn^ntti*  nnd  ilyiiamoide-^triachcii  Maxcliincn. " — \3v 
Cow,  aanio  title  (Harl!eli«u's  " olektrtilwUiiiBL-lio  Bibliothek").— Ternant, 
"  Tot^gmpIiiP  "  (jwpiilai:]. — Du  MiniLtd,  "The  Telephone  ;"  "L'^-laita^^lM* 
tri^iio"  (popular). — StOiwartnc,  "  Tel  option,  MikropKon  nml  Kitdioiihon  " 
(HftrttebRn'B  BibUothek).~Fftrrini,  "Toehnnlope  der  ElektridCat  uikI  di» 
M)igii<:tisinuH."^/iitzachf,  "KandbQclidcTt'lcktri«:liriiTi;lcgtuphiQ"(l  vols.; 
not  yet  Louifilotwl). — Sicmonii  iind  Halicku  lu  Bedia,  "Katalogw"— Grata, 
"Die  Elektricitat  und  Qire  Anweudungon "  {StiUtgart,  1883).— Oorc's  "Elec- 
tronmtalliirgy," 

Weliur,  ■'  Elok trod y nam Jai-litt  MmmlwitiiUTiiiui^ii."  —  Latimer  Clark, 
"Electric  MBftturemeiita/'^Wilke,  "  Di*  Elektri*chpn  Mnxa- und  I'ntcUioiw- 
Inntnimi'ntn"  (Hnrtlnbnn'a  BilJiotbck). — Day,  "  Exmicisea  in  Klei'tric  and 
MaK'i'^'ii^^  Miawuremont."— CuUty's  "Handbook  of  Telograpliy. " — ScliWund- 
Icr'a  "Instructions  for  Testing  Tclegraphii!  Lines." — Kcmpc,  "Handbook  of 
Ebttriivil  Tr.iting."— Hoaki^r,  "CJiiido  to  Klivlriral  T*Ming."^Prc'e(;e  and 
8ivewriglit,  "TflU'gTOpliy."— Latinofr  Clark  and  Sa-bjuo,  "Eleetricat  Tables 
and  Forniulw."— Hoapitalioc,  "FormolBorg  de  rEloctriciKa. " — Zocli,  "Eloc- 
Irisclica  Forni«llniH;h  "  (Uartkbtrn's  Biblitfthek). 

Laboratory  Work.— Balfour  Stewart  and  Qtn.  "L«siu>n!i  in  Practical  Physics"  (In 
Ihc  press).— Wcinhold.  "  Expfrimofttnl  I'hyalcs."— WdnholiJ,  •'  PhysikaliBclw 
'  Dcmonatrtttioneii."- B*clina([e!,  "Experimen.  Ph>-aik." — Pickering,  "Pliy- 
alcal  Mnoipulation."  —  Kohlrausch,  "Phyatcal  Mcamiretnnnta."- Motmon, 
"Pbyaik  auf  Crundlagio  dor  Erfulirung."— ^lit'tloy'a  "  Workahop  Applianc«B." 
— Maroy,  "  LaMttbudi- jtraphii]Uu." — Airy,  "  Errors  of  ObemTfatioD," — Aiati, 
"  Coon  dv  Mauipulatiuu  >lv  rbyiu(|uij "  (Ftuis :  Wltz,  1883}. 
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INDEX. 

The  darker  Jigura  serve  as  a  guide  to  the  more  explanatory  references. 


ABKaBi.Tioi>  of  Light,  461 

AbeTTation,  Chromatic  {non -coincidence  be- 
tween the  foci  for  different  colours,  etc.), 
485,  514;  Spheiical,  of  leneea,  485;  of 
mirrors,  474 

Abnoniud  Disperaion,  481 

AbaciBBa,  11 

Absolute  PotentiftI,  623 

Abeolute  Temperature,  223,  328 

Abioiate  Units  ;  i«e  Units 

AbBolute  Zero,  327,  328,  356,  441 

Abso^bent^  443,  449 

Abeorptioa- bands,  450 

Absorption  of  Actinic  rays,  438,  449,  454 ; 
of  Energy  daring  change  of  State,  320  ; 
of  Ether-waves  by  the  atmosphere,  438, 
449  ;  of  Gues  by  solids,  291,  by  liquids 
293  ;  of  Heat,  449  ;  of  Light,  450 

Acceleration,  16,  63;  mean  — ,  16;  in 
Circular  motion,  72,  142,  180;  in  a 
Cnrved  path,  74  ;  —  due  to  Gravity, 
19, 180 ;  The  Parallelogram,  etc.,  of —a, 
62  ;  —  Positive  or  negative,  63  ;  —  in 
S.H.M.,  76 

Accelerated  Motion,  63,  146  :  compounded 
with  uniform,  65;  under  gravity,  179 

Accommodation  of  the  Eye,  613 

Accumulator,  532,  678,  592 

Achromatism,  480;  achromatic  Lenses,  485 

Actinic  Bays,  433,  454,  456 

Action  =  Force,  17 

Action  and  Reaction,  6 

Adhesion,  31,  228,  229 

Adiabatism,  322  ;  adiabatic  Lines,  352 

Adiathermancy,  448 

Affinity,  Capillary,  250 ;  Chemical,  46, 
228,  292,  321,  546,  548 

Air,  density  of,  289 ;  air  dissolved  in  water, 
293  ;  air-gun,  38 ;  air-pump,  290 ;  mer- 
cury air-pump,  306  ;  Sprengel'B,  291 ;  Bir- 
thermometer,  357 

Ajutages,  270 

Alcoholometer,  196 

Alternating  Carrents,  617 

Altitude,  12 ;  — s  indicated  by  the  Baro- 
meter, 311 

Anulgunated  Zinc,  320,  547,  549 

Ampjire,  317,  566,631 

Amp^-currents,  611,  616,  617  ;  their 
direction,  611 


Amp^'a  Formula,  695 ;  bia  Theory  of 
Magnetbm,  698,  611 

Ampere- volt  (  =  Watt)  35,  676,  632 

Amplitude  in  8.H.M.,  76;  of  Vibration, 
368 

Analyser,  499 

Analysis  of  n  complex  Harmonic  Motion 
(Fourier's  theorem],  96  ;  of  a  Sound, 
382  ;  of  a  Vowel,  429  ;  Chemical  analysis, 
191 

Aneroid,  310 

Aneurism,  257 

Angle  of  Capillarity,  245  ;  —  of  Incidence, 
113,  119,  467;  Limiting  — ,  160;  — 
of  complete  Polarisation,  470 ;  of  Re- 
flexion, 113,  467 ;  of  Befhution,  120, 
467  ;  of  Repose,  160 

Angular  Velocity,  69  ;  in  S.H.M.,  77 

Aorta,  280,  288 

Aperture,  Wave  traversing  an,  109,  110, 
123, 130-131,  132 

Approximate  Foci,  122,  474 

Aqueous  Vapour  in  the  Air,  S48,  444 

Arc -lamps,  583 

Archimedes's  Principle,  261,  297 

Areometer :  Fahrenheit's,  197 ;  Nicholson's, 
198 

Armature,  616 

Anival-cnrve,  577 

Arterial  tension,  287 

Aspiration,  302,  303 

Astatic,  610 

Atheroma,  277,  288 

Atmospheric  Electricity,  559 

Atmospheric  Pressure,  205,  259,  300-313  ; 
Standard,  312 

Atoms,  211,  218;  chemical,  211.217; 
physical,  27-225;  size  and  nature  of, 
218,  219 

Atomic  Heat,  329 

Atomicity,  217 

Atomistic  Chemical  Formnloc,  214 

Attraction,  166 ;  in  particular  cases,  167  ; 
conventionally  n^ative,  168.  Capillary 
—,245;  Electric,  518,  535;  Magnetic, 
599 

Attwood's  machine,  29,  ISl 

Audiphone,  421 

Auditory  nerve,  423 

Availability  of  Energy,  44 
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ATTogadro,  SH  i  Arrogwlro's  L4«  (chemi- 
cal], 215  ;  (phjrdcal),  221,  32S 

Axw:  CrjiUtlUno  uw.  494,  495,  499; 
Hsgnettf!  AxU,  ASS;  of  Bcfcmtot,  60.  (!:£, 
fiC ;    of   RnUtioD,    69 ;    of  BpotiUUcoiu 

AzUuulli,  12 

BABcm'fl  GampcDaator,  609 

Baiann,   SB,   ]93;    Sfkng    BaUnc*,    91; 

Laogky'a  Tharmic  Balaus^  4}4 
Bfliiii  Bpectrmn,  H7,  US 
Biiiij...  40 J 

Bar-maBiiot,  199,  601,  602 
Barouietar,  SOS;  anuraid  — ,  310;  —  v»r- 

nler,  'ii 
BaroLuetric  cftlumu,  304 ;  —  Preaaore,  *oa 

AtmPKpliaric  pr, 
Baatlv  nuMDbntie,  4S2,  426 
Buis  of  aupport,  1 S4 
BaatooD,  iOG 
Sattory.   Qalranic,    biT.    Ujrden.    534; 

Thermo-cltictrio,  6S9 
Beats,  92,  411,  426 
Beoijiierir*  Tlierrao-oloctric  Kia,  669 
Botl'cnnk,  ISS  ;  OtcUlation  and  Svini^njt 

at  It  hell,  398,  809 ;  Vibration  of  u  bell, 

36»,  398 

BeBMnc'-vnponi  in  apace,  22fi,  461 

Biaxial  iiryiUla,  499 

Biolog}-,  1 

BiiH-isiu,  4S'9 

BiiiunrU,  510 

Black,  fit 6 

BlEeki)ura*e  ixuJuluui,  187 

Bladitar,  257,  2UiS 

Bliu  oloar  of  opalcicent  bodiM,  463,  471 

Bliia-liot.  440 

BoiUiie,  344  ;  Irailius-potal,  1!10,  S51,  35S: 

b.-pL  at  diir«reiit  i^eafnire-t,  !)4& 
BoloinotiT  (Tlwnuie  Bnlonce),  034 
Hnnibari1on,  407 
Bounil  chargo,  I>2fi 
Baunliin'ri  nti^m  gaiiRC.  2133 
Buw  (iiua  arrow),  S8  :  of  Violin,  3S9,  895 
Boy!«a  Law,  2l)4,  222.  225.  289,  S90.  301, 

:Wa,  3&1  ;  in  till-  Kiuetic  Theory,  222  t 

in  caae  of  Va]ioiir*,  'Ai7 
Bmlilng  wdgbt,  142,  332 
Britiah  Untta  of  Mviuur«m«nt  (Foot,  Pound, 

Second).  1 1 
BrilUo,  9»a 
Bablile^  iu  liollitu;,  344  ;  amp — eloclrilleit, 

522 
Bugle,  407 
Bullet  cniiht^,  1S3 
BuupioK,  34S 

CxLLirBsa,  24 

CalorMOCDv?,  4SS 

Calorie,  316 

Calorie,  317,  SdO;  calorie,  360 

OalorimsUrs,  SCI 

Caloriiiiotry,  36D,  468 


Camen  ntMcnre,  491 

Carophnr,  '.'43,  510 

Caoatohoue,   cootnoUoa  on  beiUag, 

333 

Capacity.  629,  £37,  K5S;  of  a  epbtBt^  «a3 
CBpiUnrlty,  '227.  246,  290  ;  angle  cS,  945 
Capillary  Blood  wwsel*  Ml  t  —  ToTaa,  rimi 

throngti,  'i&l 
C^ptlau,  I5S 

Carbon  tnonaxido.  210.  313,  292 
Cnrlionic  aiihyilri4v,   207,  212,  XSA,  StO^ 

29-2.  (i.->li.l)  327.  335,  846 
Oarnot'i  Cyc1«,  S&l ;  C.  '■  id«al  EngiM,  M8t 

3M  1  C.'ft  riiuotiou,  3&4 ;  C.'e  Mseitje. 

364 
Ca.tcade  (Leydun  jan),  fiS4 
Cut  iroa,  227,  292 
Cathetomet^T,  22 
Caojjitity,  Law  of,  3 
<'aii*o  Biid  elTcct,  3 
Cniiitie  by  [teAexion,  117,  474  :  by  Brfnc- 

UoD,  122.  123  (aee  Spherical  AboralfM) 
Cavftidlsh'a  eipcninmt.  179 
CctU,   (Jalvania,   f>47  ;  varioaa  forma,  54^ 

654,   560;  cella  cvuplcd  in  sorfaoti  tc 

teruiiou.  S4S,  668  ;  arraageiiMBt  of,  9(9: 

liM.D.r.  of  lucaaiiml.    674;    u)t«tiial 

ll^kiktiiiiH  iiiFa*ni«d,  674 
CcntiRndr  thrrmomBter,  358 
Oewiimetw.  II 
Oeetro  of  Flpure,  67.  138,  144,  162.  TO. 

899  ;  ofO«»ity,  A9. 182  ;  of  OMinaOM, 

145  ;  of  Penui^lun,  146 
"  Centrifusal  Fbr»,"  141 
C.G.S.  (CMiLisTamnwGranime-Seoaod)  cr 

Abaulute  Syvtttm  of  rawtnmuMit  oC^iyvl- 

«al  qiuntUle«,  a  aystem  liaMal  oo   ib« 

three  fundaiUHtotal  unitit  uanim),  519 
Chaiifia  of  einntidty  (H*at),  849 
ChtmjTB  v[  UoUtui,  6 
L'hanfra  of  State,  209,  3I9-32S 
Cbnu^e  «f  Velocity.  115.  S2 
Chnnctor  of  Souiul,  3«9 
ChoTse,  48,  519,  627 ;  I>tTuioft  of.  £23 : 

"tPee"    and     "  bonnd,"    528;     Static 

cbatge  of  Coiiductof',  &7S 
aurlas's  Law,  228,  225 
ChcniicAl  Antion  aa  m  aonree  ef  elecWoii 

"owsy.  fi46 ;  —  Amnity,  46.  S3S,  ttS. 

321,548,648;  —  OomUnatioti,  2M  ;  — 

ESvA  cf  electric  cumnt,  S86-6»S|  af 

el«(trific*Uon,  6^4  :  ~  EqniTaleiMe,  IIS; 

—  Equivalenb,  48,  £13  ;  Fonanbi,  2U: 

-  Ray.,  434  ;  —  WorV,  823 
Chonilioy.  1,  191,  193 
Chcvnl-vn]ioiir,  35,  67S 
Chininry  rnnrinff,  43Q 
Cbirp  uf  lotectti,  369 
Chlontpbytl,  43,  454,  611 
Chromatic  Aberration,  486,  614 
CItcI*  of  Rof»«nr«  in  S.H.M.,  75,  78 
Cireait:    Open,  G45;    CIomnI,  &I0;   0«l* 

vanic,  547  ;  i'fMitiVG  side  of,  698 
Circulnr  Molion,  62, 72, 142 ;  =  SS.E.ILX 
81 
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^^^fcor  Pokrunttoo,  iii,  602;  ilet«ct«(], 

Oompnuibllltr.  232 :  ot  guu,  239                          ^^H 

Concertina,  363,  SOfiy  404                                          ^^H 

^rdoDjoniJ's  Then ao- electric  Pile,  S&9 

Condennottoii  ot  guimt,  205  ;  cowtensattaB-                 ^^^H 

■  Clartonit,  405 

Umperattiru,  348                                                         ^^^H 

H  ClRpiydra,  2S 

ConilfiiiMr,  fiSO,  S3S;  678;   in  mbiTiarlftc                ^^^| 

■  Clark  Huwull ;  ixv  Maxwell 

talegraphjr.  578                                                           ^^^H 

CIiK^b,  Energy  in,  SS ;  PnDduIittn,  38,  156, 

Cuiiduiiwr  sue]  Snurre  in  beat-engloe.  3£>3                    ^^^| 

338  :  Wl,wlv.wk  In.  29 

Ctimlucliuu  •}!  Bvnt,  362  :  In  tiasi's,  2:^3                       ^^^H 

ClDMd  Circuit,  OiK 

Conductirlt}-,     Klt-tlriiAl,    AGI,    504  ;    for                 ^^^| 

Cobbler'*  Wax,  200 

Ilrat.  362.  5»<;.  6S4;  CiX9ll>ciei)tof,S6S  ;                    ^^| 

Cochlea,  421 

VsrialOo                                                                       ^^H 

Coefflciont    of   CorapreaslbUlly,    2S2 ;    of 

Couiluclvr  uf  Frictiomil  ElDctric  llad)iii«t                ^^^| 

CondacUvlty,  382 :  or  DlflmibUlty,  250  ; 

A4£                                                                                ^^H 

of  Eluoticily,  236,  286,  2^7  ;  of  Elsatic 

Conductors  of  BliMrtrlcUy,  506,  536  ;  Cur.                 ^^H 

Kettitution,    2Si  ;    a!    Kipaanion,    ^37  ; 

ntnl  ID  boDioi^Dcoiis  — ,  567  ■  in  belerw-                 ^^^^| 

_        of  Exuniibility,  231 ;  of  Indnccil  Mag- 

gvueoui  ~,  569  ;  in  wlilo  — ,  671  ;  bad                  ^^^| 

■       nttUatian,  007  i  ot  Magnelia  Induction, 

—  of  Ilcftt,  864  ;  SUtio  Obaruo  of,  534,                  ^^H 

H       flOT,  SI  1  1    of   RcnUUntr   to  ezlnnHioti, 

^H 

■       233,  to  >h«Mr  2H4,  la  tnniioii  234;    of 

Couienl  Pendulum,  74                                                     ^^^H 

H       RcBtitTitioR,   In    Imiint^t   140.    in   cluti- 

Conservation  of  Blr^ricUy — name  giren  bj-                 ^^^H 

■      dtj  23b;    of    Kiglii'ly.    200,   234:  of 

Upjjwonn    to    ths   doctrine  of  p.   531.                  ^^^H 

H       Solubilily,  243  ;  of  TnumplmUon,  2DS  : 

Iit>M9-ll                                                                                         ^^H 

■     of  Tifoosity,  201,  274.  2S2 

Couervallun  of  ED«rgy,  7,  40, 45,  S03,  437               ^^H 

■  Omeittvo  ¥an<^  606,  608,  610 

et  pa$-nm.                                                              ^^^H 

■  ODliMioD,  22ti ;  xolidi,  229  ;  Hqaidi,  226, 

"Oonaervation  of  Votcw,"  4S,  735,  203                         ^^H 

841,308 

Coniwatiun  of  t'lVn  i-i'nr,  407                                     ^^^| 

Cobmioa-fimru.  243 

Conatrvalive  SyEtem.  37,  IflT,  236                             ^^^| 

K  Colonr,  435,    ISQ  ;  by  tniiiiTiutt«d  light, 

ConstAiicy  of  Nature,  2                                                   ^^^| 

■      4&0  ;  by  rcdcrtuii  liftlit,  462  ;  mixtiim  of, 

CociUot  cf  McUU  (rlnctricityj,  543,  B4& ;                ^^H 

^L     SIS;  pn>dae«d  by  Interpoied  doublc-re- 

of  Nuji-cutiilui'tura,  514                                                     ^^^^| 

H|   AuMag  kmliia,  005 

Cod  tact -breiLUer,  61&                                                       ^^^^| 

''^MooTwl  Light :  Rimplo,   486  :  componiifl, 

CoDtAct  in  FrKtloD,  16]                                             ^^^H 

438 

Continuity  between    Liquids   and    Gases,                ^^^| 

Colunn  of  Thin  Films,  433 

a07.  S26.    447  :    bctiro«)    Uiiuiilf.  and                  ^^| 

■  Colours  or  McUIj.  453 

Hoi  ids.  Sin                                                                    ^^H 

■  Collodion  Alms  243 

Continuity,  Law  of,  266,  SB8,  538                                ^^H 

nC«Uolds,3S0 

ContlmiouaSiiectniui,  447                                         ^^^| 

■ePtOiUntttioDal  TonM,  426 

CoTiVDction  of  Heat.  3ll4  ;  ODUT«ctlon-ctiT-                  ^^^| 

^'OUBhinin;  Proportions,  2IS 

ntiU,                                                                            ^^H 

ComblUtioifi:r)uivalrul,  ^20 

CoiirBDUoiu  ;    aa   to   Altraclinn -nnd   Re-                    ^^^H 

Comboatinn.  ll«<ai  of,  43,  318,  321 

pulsion   +,  146;  Sumdard  Pilcli.  372;                  ^^^| 

CoQinia.  377,  330 

as  to  Gmvitatton-PotcDtlal,  171  ;  North-                  ^^^| 

Cotnmuufiurable,  68,  S6 

■e«kinKI>olRfif  magnet  Po*itire,^9,634;                  ^^^H 

Owninoii  Ut;l)t,  46S,  SOS 

Bs  to  Plane  of  Pobriialion,  404  ;  Vitrvous                 ^^^^| 

Commu Dilating  VaMi,  2G0 

electricity  PoaiUve,  SIS,  634                                      ^^H 

CampsnMlioii-  PflDilnlLini,  338 

ConvcreoDt  LensM,  4S2,  483                                         ^^^| 

OompaiiMtor  in  ^nLi-.hirimetar,  SIO  ;  Babj- 

Conrarg«nt  ilB)B  or  Ream,  110                                      ^^^^| 

DKt'a  Compriiiator,  SOS 

Cooling,  liurini;  etaporation,  346  ;  In  still                ^^^| 

Complenieutary   ColoHn,  439,   ^06,   SIG, 

air,  364  \  Nav,-ton'«1aw  of,  964                                 ^^^| 

fits 

Copper  el  octi  Onega  live  to  ilnc,  posltivn  in                    ^^^H 

Com  pl« military  IMstribution  of  Rlectrioity, 

thn  biitt«Ty,  543,  547                                                   ^^H 

620 

Comet,  407;  cornet  of  gultapeiclio,  407                    ^^^| 

CoicijIvi  HanaoalQ   Motion  ;  sm    t'oaridr- 

Comopeiui,  407                                                                ^^^H 

DlOtlOII 

C-UTtl,                                                                                                        ^^H 

CoiupliK  Sound-waves,  S3C 

Cniilixiih,  '^m,  113.2                                                                 ^^H 

Componvnt*  of  n  For<»,.18l ;  of  n  Fonrior- 

Coulomb'*  Torsi^uBalaDcs,  540                                    ^^^| 

moUan,  563  ;  of  a  Volodty.  6( 

Counterpoising  of  ForiM«,  31                                          ^^^^| 

CompoiiCTt  Toiiy>  ot  a  NoU-,  370,  382 

Couple,    160;  eianpln  of,   151;  Homanl                 ^^^| 

Conpotltlon  of  Forces.  134 

Of,  161.  COl,  tnoeuctic,  S93                                    ^^H 

CompositloQ  of    iU>Ut\i>rn,  69;  of  TrniiR- 

Crank,  32                                                                         ^^H 

TeranJ  Vilirntinns,  100  ;  fif  Uniform  with 

Crest  Riiil  Tmiigli,  D3                                                      ^^^H 

Accnl«niU<l    MoUuii,  S5;  of  two   Velg- 

Critical  SULe  uf  Mntter,  20tt ;  Tempuaturr,                 ^^^| 

ciUct,  S4  ;  of  uiorn  Umu  two,  59 

307,  211,  226                                                              ^^1 

Comperidonof  S.H.M.X  80-90 

Crookta'a  U^cr.  326,  327                                       .^^^H 

CompoQiid  Pcndalum,  188 

2 

Crook*  of  Tnimpst,  407                                          ^^^^^| 

642 


UfDIL 


Crantd  (Kicol'>)  priiiu*,  MS 

CiyDphoms,  SiS 
CryiiUlIlD*  form,  225 

CryiUlfl,  AxU  or.  195 ;  BUsLil.  499 :  Cod- 

tluctSuu  ur  licit  in,  848  ;   Rxpuiiimi  in, 

337  ;   Po«ltivo   and    np^tivo  ilonbly-rt- 

frtLctliiE,  lOS 
Currrnu,  525,  fiSr,  sei-59a,  S2»  ;  Vine- 

tlotiuf,  647;  Mutiul  mitioii  of  OurrcnU, 

594 ;  Comnt  3hc*t,  SI  1 
Cnmtare.  73 ;  IWiu>  uf.  7%  73,  141 
Curve  of  Hinei,  78 
Ourvdd  pstU,    SI ;    Accelcrntion    in,   74 ; 

Velocity  in,  6S 
Carvwl   Wave- Front:   lUflviion   of,  113; 

IlefhuUon  of,  120 
Oyde,  861  :  CanmtX  S51 
Ojoiioal  ordor,  57,  90 

DxLTOx's  Atcmio  ThMry,  213  ;  !>,'>  L«w  of 

g«Moae  pnunru,  223^  22& 
DtmptDg,  28^  S74,  915,  «21 
Duiikll^  Oell :  ita  rarionii  form*,  051 
DA^k■tIc(lt■Wav(^-l,  iU 
D&rk  Lluu  iiL  Sjwotmin,  44G ;  Ld  Hut- 

SpBctnun.  <83 

Daoid  poinU  of  n  Cnmk,  82 

DMliuUon.  004 

Decompoiitioii,  209  ;  ot  Water  by  electro- 
l]ni«,  589  ;  by  n  Clrovo  teII,  not  by  a 
Dnntell,  &S9.    ^m  Ditwocbtiun. 

OegntUtlon  of  Knergy.  Vfi4 

Degrees  of  ifVooiloiu  of  a  Particle,  66  ;  of  4 
lUgid  Body,  SB 

DQQMjrineiUuiu,  Wave  unterlug,  117;  Wave 
lonring,  118 

DenMnwtvx,  197 

D«n«Ul«t  of  gMM,  214,  222,  2S9,  it'll 

Density,  mnuarvmeat  of,  l&fi-19'8,  260, 
2(11  J  mmwucvtnent  of  Vapoiir-Denilty. 
347 

IfansLty  of  Air,  2S!>!  ofUio  Ewtb,  l"fl  ;  «r 
Ethor,  208  ;  of  Hyrtrogtn,  19«.  "igS  ;  of 
Ma.Ltrr,  ]U(  ;  <if  Wator,  1U4,  198;  iJinii- 
iiium  y.  of  Writer,  S31 

Dvuiity,   EDIijclrical   tupcrflckl,   520,   537  i 

Derivwl  CiiLTMnts,  S7S 

Durmii.  2S6 

DavintifHi :    miniuiuiu,    473;    D.    vltliout 

iHxpeniion,  47U,  480  ;  disjioi»ioiL  without 

D.,  41jO 
Dew,  :i4g  ;  dewpolnt,  348 
Doxtro-rotBbory,  S09 
IJii»Iy*us  «.4 
Uianmguetic,  90d,  603 
Diaiti«riiiBiM9,  448 
DUtODlc  scale  S7I5 
DicTotJG  pulso,  237 
Dielectric,  526.  S30,  &32 
Difference  or  PoleatU],  170,  &23,  SSe,  S37, 


AG4  i  Eloctrotiiativo  D.  ?. ,  625,  fiCI,  Ott 

—  meuiiml.  541 ;   obicrvf^  frU-tlS : 

produccil.  fi42-&61 
Dilfenuiliul  (iBlvuiOEuirler,  634,  633 
DitTpn-ntini  Todm,  42S 
DLtTru'.'tii;!!,  lig.  77;  <rf8ouiid-wsv«t,p.  113; 

of  Light,  etc,  493 
DiffnicUun-KTntint;,  4SS,  493 
DiffualoD  of  Gum,  320,  223,  2H  i  of  Li- 

quIiU,  •iift,  250  ;  tkimi^  Mumbrwc*. 

DiiiiaiuiiuDB  of  Pbyiiod  QuuiliUc*,  53,  5S7, 

fi«4.  630 
DimfluioBB  of  8p«M,  9 
Uirect-vbioD  Spectnjacope,  430 
DlTWtion,  51 ;  of  Ctureat,  547  ;  of  EImU*- 

mapittUc  LIufB  of  Force  591,  of  Uic- 

netlc  OOO  :  or  OanA,  <SS 
DiMord,  425 

Disci,  ribratioQ  of,  129,  397.  432 
Dkpmliui,  SI8«  460,  478 :  abooraul.  4Cl; 

Itnttoulily  of,  IHO  ;  Dctiatioe  withoat 

— ,  479,  4S0 ;  —  willwut  DvviaUan,  4M 
DismptivvTetulon,  522 
UiMipatiOD  of  Cutsy ;  MV  AvaUaMUtr  (41) 

and  DegradattiHi  (856)  of  S. 
DlMipaUou  of  Sound  to  sir.  419,  417 
Diuocialion.  21«.  330.  319,  3W 
DUiio  nance,  425 
Uiitoiice,  Action  at  a,  516 
Div»rK«Dt  LeotM,  482,  484  ;  —  Ray^  UD 
DLfJdinK  EoKiiio,  24 
DLTiiibiiity  of  Mutter.  193,  211,  218 
D'->p|ilor'c  PriDcipIv,  418,  437 
Doublc-Btuu,  404 

Doubie  itofnctian,  20%  494  ^  ««.,  58S 
Double  •  r«mcting   Itoniina,  600,  504;  — 

Powvr,  detection  of,  907 ;  DouhIe.nftae> 

tioD  DynamomMor,  608 
Dram,  3ft9,  398,  401 ;   of  Ear  (ncafab 

tyinpuil),  419,  427 
Dry  bull],  319 
Do'  pile,  553 
Uiiriiliiy,  232 

DuKiU);  and  HpLlta  L:iw,  329 
Dii^l«x  Tukgrapfay,  424 
Dyntuno-elcctrie  Machine  ("dynutw'*)^  1^ 

559,  619 
DynMiioaieUr  (Tom),  32;  (EoMgy),  47 1 

Double-rcfnuUon  ~ ,  £03 
Dyne,  18 

Eah,  the  Hmiiiui,  401,  419-424;  tlit  Xv 
trumpdl,  :iii2,  414 

&irth  :  Crust  of,  -202  ;  Dciuaty.  179  ;  Mms 
179;  ae  ■  Magaet,  M3.  fill  ;  FodUva 
Pole  the  Sonthvni,  01 1 ;  its  Potential  wpt, 
524:  PntLinftA  — ,  578  i  Radii  at.  181; 
KoUliou  of,  Itil  ;  —  in  Tdwr«[>hy.  iTt ; 
Vorbtloiu  of  9  oveir,  20,  IW 

fibuUiUoD,  344 

Echo,  413 

EdlpUc,  74 

Eddlaf,  273,  279 

Effect,  Canae  and,  3 


I 


INDEX. 


643 


I 

I 


I 


£Odeiic]r  of  Hfiat-cngfM,  3fi8  ;  at  Ounot'a 
iilml  e[jgii!(i,  3D4 

RtTinimi  ot  lisjipi,  29-i 

£la(tic  Bqiliu,  Iktetr  I^act,  111,  140  ;  E. 
lUtcrmeiiiATy,  GD,  239 ;  —  'I'liben,  Flow 
IhruuBh,  28G-28a  ;  E.  TottglmeM,  236 

EUrtloity  lu  3oU>ls,  227,  S3^'ZS9 ;  in  Quw, 
203  :  P«ifMta&d  Imperfect —,  236,  237; 
Limib  at,  zac  ;  Fatigwc  of.  'J37  ;  |ihyni- 
-ologloiit  vtiLtupiw,  *J39  ;  [urcbmiiiiriU  nj- 
VMit«g««,  SO,  238.  Electric  ~  ol  Dielec- 
trie,  637 

Blectnc  Atttactinn,  516,  S^&  ;  —  Uhw^, 
510,  tno  62S,  louu.l  S28;  Dendtr,  Sid; 
DiaplaeeiuMit  or  dl«l«cuii>,  MS ;  BkHtJcity 
or  dielectric,  SS7 ;  Eaersr,  42,  43 :  Force, 
522,  £87;  ?uniAco,  fiH3 ;  Li{bt,  487. 
139,  582  ;  Mftrhinei  (frlcUciniil},  645  ; 
Matur  (imai^uary),  £21 ;  Quuitity,  Sll>; 
Scrwu,  535  ;  Hlnsu,  ESS  ;  Teuiion,  £22 

BI«L-tTi«lLy  iiot  ft  (criD  of  Eii«r^,  £13, 
630 

ffleetrocapillfLrit^,  £54  ;  Kkctr ocljimino mi- 
ter, 83»;  BicL-lruklQutk,  20S,  :>27:  Eleo- 

j  trolyiU,  43,  281,  686  ;  E1e.nrr.lyte,  547, 
S48,ftS<l,fi86,690(f[lii«a)-,  Gi«clTonii>iniel. 
32,  608  ;  ElectromHrr.  UIS.  539  ;  Kite- 
tminoior,  825 ;  Blcctrum-ipilivv,  543, 
547;  El»ctfophori»%SiiO :  Bleotn.iplntlug, 
6ii  :  BlectropoRltiviT,  513,  647;  ELerlru- 
Kai>M,  fi-JO,  637  ;  EIol^tTo«Uti^  308, 
5tJ;  Klectroxbilti:  Dniti,  xt  UuiU. 

EI«ctrodi»,  58&  ;  FolariMtiou  of,  5W 

fOfctroroa^netic  Fi«ld  of  force,  593,  5Vi, 
601 ;  —  Jitdoctiou,  811  ;  —  lutun-npt^r 
for  taolng-farlw,  237,  401.  622;  — 
M«<uiir«,  630,  632:  —  VuiU,  bSt,  620, 
63Z  ;  Unit  o{  ilnU  <^  WnK),  317,  575 

K]«tn«Dt,  Choiiiiod,  191,  Wi,  447;  OilI- 
vunic,  547;  OconietrinJ,  52 

Ellipllcal  UotioD  ^  2  B.H.M.'*,  83 

laiiplicallr-poUriied  Uglit,  464,  502  ;  d6. 
tEcUxl,  50fi 

BtoDKntLOu  ill  S.H.>I..  7^ 

B.U.D.P..  Elfcirnmotivo  niffomiCG  of  Po- 
t«nt[al(=  K.H.K.,  KlnrlrDniRlivi- t'otro), 
fii6«t«.,  SSI, 629;  tiieiunreil,  G47 

EndMniotic  E<|iilvaleut,  253 

BnnrBr.  2,  36  ;  I'vlciitml  Eii<>rgy,  S6  ;  Kin- 
rtto  E.,  SB.  AvnIUhllity  of  K.,  44; 
OiHMTTatiniof,  7.  40.  46,  <67e(/<a«rini; 
DtgrkdKtlon  of,  35^  ;  ciraphtc  repmenta- 
tionor— ,(an<u],  46^47-51, 3S0;M«BHure- 
moatof,  47;  Sioriigv  of,  693  ;  Tnuuform- 
•tlaiu  of,  41  :  Tmitsport  of,  S93 

fiitrgy  abwibM  or  eTolved  ilnrinK  Chuigo 
of  HUte,  211,  320;  —  of  EJetlofled 
BoJ)-,  530 ;  of  m  Bectrio  Ourrviit,  IS, 
674;  in  IniEivst,  140,  UI  ;  Intrineic 
— ,  220,  319  ;  —  of  Jot,  271  ;  —  of 
Ho1*:Mili«,  315  ;  K,  of  Nioj^ni  KnlU,  620; 
—  in  ca«  of  Kupalsioii,  168,  169  ;  —  of 
Ralntiun  of  &  i'trtiele,  H3  ;  of  a  Mua 
144;  — 0IS.B.M.,  133  ;  of  Sound- WIIVC4I. 
429 ;  of  SaaUght,  432  i  —  in  Sapnqioscil 


WavM,  411 ;  —  of  W4ve>motioa,  133, 

288,388 
Hnglne  doing  aad  not  tloLng  Work,  43 
Entropy,  44 
Epoch  in  S.n.H.,  76 
Bqvul  TeinpenuRent,  381 
EqiiulUatloQ  of  a  Ciurcnt,  &92 
Equation  to  1  Cnrvs,  66 
K()uilibriuni,    1156:   Sljililc,  nnat&ble,    nud 

iiPUlial,  1H5  ;  K.  of  LLpiid*.  255 
Eqidpulputiol  Siirfaow,  172-177,  268,  C2S, 

536.  ti'J3.SS/1,  600,  804 
KqiiivnIcDoc  of  Poren,  8 
BquivakncA,  elunnlcnl,  S12  ;   Miilval«iit«, 

44.213 
Erg,  31 ;  ErgMn,  35 
Rinrnli*!  Proportiftt  of  Mnttrr,  190 
KLIiflT,  tlin  LuminifiTmiK,  207  ;  ibi  DMinity, 

208.  1«0,  *70  :  ru  Klwlieily,  208.  460, 

i'a  ;  TnuiivnTie  Vibr«liom  of,  432,  400 
Etbnr-BtraH,  SOS,  61S,  636 
Eth«r-WKVM.  3IJI,  431,  458  ;  tbeir  Loii^ 

nautmd,  4S8  ;  their  ProMnre.  512 
Rnphonfuni,  407 

EnporatioD,  210,  344,  554  ;  Cooliog  dur- 
ing, 346  ;  —  of  Ice,  347 ;  Latvut  Heat 

nf— ,  S48 
Evoliitiuu  (IT  ehiorpliou  of  Energy  during 

Change  of  3Ute,  320 
Excbaugif  of  Bodiatloiu,  441 
ExpMiaion  of  (iAors  Inilrljnit«,  202,  291, 

301  ;  cip1nin«I,  221 
ExpiiuioB  by  Heat,  Oootfidont  of,  337 ; 

MtfOHoremcnt  at,  339-342 ;  exainplca  of 

— ,  338  ;  —  ill  hollow  budle.,  338 
Experlmuttatioii,  4 
Exploration  of  Air-PotonttoJ,  CCS;  —  of 

Fluid  PrtMiirc,  2it« 
E»tea»ibility,  230  ;  rorllirieiit  of,  281 
Exle&Blou  of  Matt«i  lu  Tluwa  Dinieusioii% 

1D2 
tjctrrior  Wnrk  .lone  hy  Heat,  323 
Eitraoniiuary  iUy,  496,  488 
E>-•^  486,  612 

Paiihkxkkit  ThermoinRter,  359;  P.  Ztm, 

314   358 
PalJ  of  Potential.  567,  589 
Pall  under  QraviUtioD,  179 
Panul,  632 

Fuaday'.t  Lnwi  of  ElectrolynU,  GS7 
Fanre'c  Aerumulaton,  &9L 
FcdermaDumoter,  264 
Kenaat'i  Law,  I2S 
FtTTOinigDutL',  608 
Fldd  of  Force,  176;  dietrie,  6SS,  U7, 

S29 :    elMlromjigiiiitic,    BM,   697,  604, 

613  :  iii«gn»tif,  COO 
Pito,  408 

Pilms,  Oolonnof,  488 
PUtralion,  803 
Full,  air  bla<]J»r  of,  SSS  ;  Imainoaty  of, 

453 
Fiiity    if  PrAportlon    in   cbamical    com- 

poundis  212 


644 


IKBEX, 


PbMin'i  Prist i pie,  441 
nag«olMte.  iW 

FUm*,  330.  457.  516,  S82;  m  s  lUdedor, 
41S ;  SingioK  and  8«iuitiv«,  408 

n«ziutttr,  sas  - 

Flulblfl  Uimn,  470  ;  Uiww,  481 

Plow  of  KI«3Ctri<«l  CbAfge.  U6 

Flow  of  On,  299.  301 

Plow  or  H««l,  362.  3e^  534 

naw of  Uqaida,  -i^-2&3  ;  Foiw inroduciDg 
— ,  266  ;  —  ill  »tLi]»ii(l6cI  LoopB,  267, 
SOS;  —  throngb  rigid  TnbM,  276-2S1  ; 

—  id  Oipniary  Tubw,  381 ;  —  in  ii3Mt[c 
TatrtH,  335 -388 

PloiT  of  Tetnperatart,  S63 

PlnM,  l»9 

Pluorawwoce,  43S,  433,  4&4 

Pldlfl,  406 

FlurloD-notJLtkiD,  68 

nywbw],  8S,  146 

Puoa]  Lengtliaf  Minor (=dltt«ic«ofpriD- 

eipnl  frxnii)   474  ;  «f  Latu,  4SS 
Fdcd*,  110;  A]]proxiiiuit«  Pocuk,  122,  474  ; 

—  of  Mirror,  474  ;  prtuotiMit  — ,  474  ; 
conjugau,  47*  ;  —  of  Lbm,  482  ;  tmI, 
182  ;  virtual,  482;  prindpftJ,  482;  (■(in- 
jiigale,  iB3  ;  Hwit  Foc?a«  nod  I'liol^i- 
grnpluc  t'ljcuB,  4^5  ;  Fwus  of  Eye,  480 

Fd7,  mi;  fluti«xlon  of  Light  from,  Hi  : 
Sound  throtifh,  418 

Foot,  ID 

Fuut-pODatl,  S4,  3C> ;  ruot-Eioiuul&l,  35 

¥oTe»,  4,  17.  41,  lOri,  14Si  a&id  to  Act 
upou  bodlog  18.  34,  to  Do  Work  34. 
or  to  have  Work  don*  ngniiut  it  84  ; 
"  Ceulrif  ugn]  — ,"  Hl-143;  "OonMtva- 
tlaa  Of—,"  45,  iWj  Field  of  — .  IJ6, 
5^9,527.529.  ult-ctroiiiogiiotic  G93,  5^7, 
<t04,  618,  magnetic  000  ;  —  producing 
Flow,  26h  I  Gnyhia  rvpri.'MMilAlion  of  — 
(diiM),  IB;  UntA  ot —,  175.  622,  elec- 
Iruniagiiutic  593,  697,  djruction  of  594; 
luugnetlc  COO,  tbcir  iKrection.  600  j 
Magrotic  — ,  sail",  Mensurewont  of  — , 
1)9,  29-3a  ;  rDrnllRlijiijvdim  of  — «.  134  ; 
IVnllcIcijimni  of  — «,  134  ;  Polygon  of 
~a,  IIJS ;  Force  u  EUt«  of  Obango  of 
MoiuGDtiiiiL,  18.  2^1  :  Ek-sDltiLUl  Etwtric 
— ,  B22,  537  ;  TrinoRl-  of  —»,  136  ; 
Tubw  of  — ,  175,  622,  539 

Forced  VlbmUona.  S9D-402,  432 

Forcepn,  153 

Fonii  of  Mntter,  "i  92  ;  Peavoptitin  of — ,  51fl 

FoucNutt'o  Fr!D(.'i]il«,  442 

Fourier  in otloQ  (a  periodic  notion  cora- 
pniinihd  of  coiataDtLiur«t«H.H.M.'s),  96 
(Foiiri«r'»  ThMtwri),  366,  36S,  371,  387, 
3S8 

Foiiriflr'a  Th*nr«ni,  M  ;  npplled  to  Tlbrnttng 
■IriOHai,  127 

Fragility,  230 

FntuDliareT  LjnuJ^  436,  446,  463 

Frt'fl  (Jhurgp,  6Wi 

Ftcfl  Vilintioii,  388-398,  432 

Frvsiing  Miiturr,  S09  ;  —  Point,  3S8 


Fwath  Horn,  407 

FnxinaDcy,  106^  366.  36R,  :tS8,  433 ;  gf 
BtlMrwn*«.  483^  437,  447 

Prrm*!,  467,  469,  47),  <87|  PiumTi 
Rliouih,  503 

Prlctioa,  lfi9.  316,  350,  389 :  OwSdnlof 
Sutical  — ,  l&fi  :  Co«f6eMBl  of  Kwctial 
— ,  11)1  ;  —  in  ipcciAl  cuco,  lflS-165;  — 
tietnerii  air  and  a  falling  body.  179, 999; 

—  within  l1>ildi,  273  ;  —   WlweU,  10 
FrictiuDivl  Ek-cuie  mukUM,  545 
PiinKini,  1»3,  133 

Frotbiug,  247 

PiuiitK  point  iifr(.'cie<l  bj  Pnuart,  Sll,  M> 

nutOD,  324,  343 

Gaijuco'k  I>rineip1«,  4  ;  U«  Doublet,  518 

GaUdu,  13 

Otlvwie  Cell,  317  :  (:i<lwil<:  UOtary.  Gkll, 

Circuit,  E3<Miiiriit,  I>ll«,  M7 
CilvmaiDTlvr.  566,  620,  633 ;  DiAnalal 

—.  em.  631 

tiw,  2I>2.  20ti  ;  Kiuliation*  of,  448 

Oat-buttery,  590 

GaU  ou  it«  hinges,  153,  190 

<riittgi,iii's  CarvcJi.  S5»,  5&S 

(iiugc*,  24  ;  Steam  l>«ii^,  264 

Onitw,  901 

GeiHtiler'i  VtLCDum-tBba,  588 

GDuenl  propertlM  of  Untt«r,  193 

llUiTtor-How,  338,  344 

Grauuiii),  13  ;  graniius-Alaoi,  grwwpfriaili 

cnte,  32S  :  gminiii«>-«<)UiT»l«nt,  bSt 
Graphic  ForroatB-  (clieni.).  217 
Oraphlo  repreMDlatioQ  of  KDei:gj,  44^  SM; 

of  Foreo,  46 
anriution,  17,  37,  219  ;  Uw  of  — ,  176 ; 

—  ■pQileatiat,   171,  174  ;   Univtrail  — , 
180 

Gravity.  AocclenUoD  j|  Am  to,  90  ( 
FArinlinna  of  ff,  30.  180 ;  McairnMnnI 
of  g.  29,  181  ;  OuntM  of  — ,  M,  IK; 
efTecl  of  —  ou  Flow,  267 

Gmys,  516 

Orote'tCelJ,  552 

Ouvbliard,  589 

liuitor.  403 

Gun.  6 

Uunpowder,  3S 

Gyntloa,  IWIluaoi;  144 

H*KM<»>noMt)aRAnt,  SS4 

Ba«niodromuinfttT«,  284 

HMtDoUcbymitn,  284 

IIaU'k  cspcninenl,  6SS 

Halo,  479 

lltiKiinix'lE,  138 

Hartlansj,  230 

Itnrmnnic  Ciirre.  78  ;  —  AigiiM,  429  ;  ^ 
TidF|tr»p)i.v,  6'>4 

RirmonW  Motion.  74 ;  Aradervtka  Ik, 
pi-oponloniil  to  DiipUceiMnl,  76,  S68; 
Aiiiplituile  in.  7fl.  «  v  107 ;  Amilii 
VJocily  In,  77 ;  Ord*  of  RvfowMW  te, 
76;   CooipuiUion   of.   84-96;    H.H.'* 
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compounded  by  Blachbum's  pendnluni, 
187,  by  vibnting  reeds  396,  by  vibrat- 
ing ttrioga  S88  ;  due  to  Elasticity,  2;i7  ; 
Elongatiou  in  — ,  76  ;  Energy  in,  vory- 
iux  u  (auipUtode)',  133  ;  —  iNOchronoua, 
77;  Pendulum-movement,  80;  Period 
Is  M.H.,  76;  Phase  in,  76;  Projection 
of,  77  ;  KewlutioD  of,  89,  94,  96 

Humonicon,  S95 

Uftmtonica,  370,  382-4,  425,  427 

Haimonium,  366,  381,  395,  4(H,  425,  427 

Harmony,  425,  427 

Harp,  403 

Harpsichord,  390,  403 

Haze,  464,  471 

Head  of  water,  S66,  272 ;  of  a  gas,  294, 
298 

Heart,  Valvea  of,  310,  384  ;  Work  done 
by,  285 

Heat,  41,  221,  314;  Atomic  — ,  329; 
Conduction  of,  362,  iu  gases  223  ;  — 
produced  by  Electric  Omreiit,  579 ;  Flow 
of  — ,  362;  —  Focus,  484;  Material 
theory  of,  315  ;  Molecular  — ,  329  ; 
Railiant  — ,  42,  433 ;    — ,  Rays,    434  ; 

Specific  — ,    316,   328; Spectrum, 

^8,  451,  482,  633  ;  Trausference  of—, 
362 

Heavy,  190  ;  Heavy  Liquids,  257 
va 

Height  to  which  a  body  rises  =  —  ;  equa- 
'■ig 
tion  iit,  p.  146,  when  «  =  0  and  a=  -  g 

Henry's  Law,  293 

Heterogeneous  Conductors,  569 

Hollow  body,  Eipansiun  of.  338 

Hol00geueou^(  Ooucluctors,  567 

Homogeneous  Light,  437 

Hooke'a  Law,  228,  235,  238,  426 

Horizontal  Component  of  Terrtslrial  Mag- 
netic Force,  602,  805 

Horn- bauds,  Rmteinn,  402 

Horsepower,  35,  675 

Hughes,  608 

Hniniitity,  349,  416 

Hydraulic  Press,  18.  256,  297  ;  —  Bam, 
137,  278  ;  —  Tourniquet,  272 

Hydrogeu,  a  possible  basis  nf  elements, 
191  ;  a  mt-UI,  291  ;  alloy  with  palla- 
dium, 291  ;  Condensation  of,  206  ;  Dens- 
ity of,  198,  2!iU  ;  Heat  evi.lved  on 
Combustion  of,  318,  321,  329  ;  Mole- 
cular Velocity  of,  223,  418;  Sclf-repul- 
Bion  oF,  226,  336  :  Sound-waves  in,  367  ; 
—  in  Organ- pi  I  le,  406 

Hydrometer,  196 

Hydrostatic  Paradox,  259  ;  —  Pendulum, 
:»4,  300 ;  —  Pressure,  256,  536  ;  — 
Stress,  199,  229,  267 

Hygrometer,  349 

Hypertrophy  of  Heart,  277,  288 

Hypotheses,  8 

ICB,  Fusion  of  324,  affected  by  pressure 
343  ;  LaUut  Heat  of,  314,  324 ;  Viscos- 
ity of,  344 


Iceland  Spar,  495,  496,  497  ;  aa  a  Dielec- 
tric, 533 

Image  in  Mirror,  472  ;  real,  474  ;  virtual, 
474,  475 ;  —  of  Lens,  real  484,  virtual 
484 

Imaginary  Electric  Matter,  521 

Imaginary  Magnetic  Matter,  600 

imbibition,  250 

Impact,  139-141 

Impenetrability  of  Hatter,  192 

froperfect  Elasticity,  236,  237 

Incandescent  Lamps,  352 

Incidence,  Angle  of,  113,  119  ;  Plane  of  — , 
467,  471 

Inclination  (magnetic),  605 

Inclined  Plane,  165;  Fall  down,  156;  Pull 
up  an  — ,  163 

Incus,  420 

Indiambber  237,  324,  338,  511 

Indestructibility  of  Enei^y,  7  ;  —  of  Mat- 
ter, 7,  192 

Index  of  Refraction,  120,  487,  471, 478, 488 

Indicator  Diagram,  48,  850 

Induceil  Magnetisation,  Coefficient  of,  807 

Induction :  —  -Coil,  683, 615 ;  Electric  — , 
531  ;  inductive  capacity,  xx,  633,  536, 
637;  Electromagnetic —,  811-628,  629; 
Magnetic  — ,  606 ;  lines  of  magnetic  — , 
607;  coefficient  of  —  — ,  607,  611; 
general  problem  of  magnetic  — ,  610 

Inertia,  6,  138;  examples,  136;  Moment 
of—,  144,  602 

Infinite  (oo),  greater  than  any  assignable 
number  or  quantity,  62 

Insulation,  622,  527 

Intensity  of  Current,  561,  666  ;  measured, 
574;  — of  wave-motionataPocus,  110; 
Magnetic  — ,  600  ;  —  of  magnetisation, 
601,  607  ;  —  of  Radiation,  463 ;  —  of 
Sound,  368 

Intensity  of  S.H.M.  (oc  Energy  or  (Ampli- 
tude)'), 368 

Interference  of  Waves,  129;  of  Ether- waves, 
486  et  uq.  ;  of  Sound-waves,  414,  416 

Intermolecular,  323 

Internal  Work,  322,  332,  333-6 ;  in  Air. 
etc.,  335 

Intervals  (musical),  376 

Intramolecular,  320,  323 

Intrinsic  Energy,  42,  220,  819 

Iodine,  449,  450,  451 

Iridescence,  490 

Irradiation,  616 

Irrationality  of  Dispersion,  480 

Isochronous  Oscillations  of  Elastic  body, 
237  ;  of  Pendulum,  28, 187 ;  ■-  S.  H.  M.'s, 
77 

Isothermal  Lines,  362 ;  —  Surfaces,  363, 
636 

Isotropic,  106,  494 

Jbli.t,  a  Solid,  200  ;  the  Ether  like  a  — , 

209 
Jet,  68,  248.  268,  270,  271 
Joule,  41,  316;  his  Equivalent,  41,  317; 
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hid  experlmvnU  on  0mm,  884-8  ;  hi* 
law  of  tim  Bwt  prodncvd  by  »  Curwiil, 
E79 

Jopitcr'*  Hiit«niUa,  74,  461 

Jiut  IntonatEvD,  376,  43S 

KkUtnoscom;  473 

Korr'n  oxpcriniMit,  628, 

Kellle  (ingiiig,  430 

KilogrttmRiA  13 ;  KLlogruunie-miLn!,  3S 

Kinematic*,  61  ;  KidcUos,  134 

Kinelic  tiisrsy,  S9 ;  —  Frictiou,  181  ;  — 
Tleory  ol  Caees,  21S,  319-323,  ap- 
pUfij  to  Eudiometer  3:24,  to  8plicroidnl 
8tot«  3S6,  to  Vr-lr><-it/  iif  Sound  417 

XD9e,  IM 

Kocaic'ii  Mmiomctric  Cftpaalv,  385, 397. 40& 

LAmVO-ROTATOIlT,  609 

Umpblocli.  i<i9.  449 

iMTynganintTtt,  47S 

i,ai3nx,  138,  »S(I,  426,  4U0 

I.«t*iit  HeHi.  209,  314,  324,  327  ; 

or  Bjipniwiou.  MS,  336  ; luetliod* 

of  CaloriiDDtry,  SSI 
Lktimerau-k'nCVII,  S.'iS 
Iaw  of  Coulinuity.  2fi6.  298,  C3«  :  Law  vt 

Eloctm  Attraction  and  llfputMoD,  Slf, 

621;  Law  of  GrnritAtioii,  li8:  Lftw  of 

Uagnetic  Attmctinn  mii)  Kf^uUion,  fiHB, 

600;  Law*  of  Motion,  6 
Laws  of  Naturo,  1,  6 
Lerkurlii-,  Si>0 
Left  Iinnii  of  the  CnrrKUt.  594 
Lelth-m-Jcd  I'oltriwI.  464.  466 
Length,  MelBtireTiirtit  nf,  21  ;  Uiittaor^,ll 
Laiuet,  482  ;  acliroujMliL-,  485  ;  I'oiivei^Qt, 

483,  483 ;  diTsisniit,  482,  484  ;  flexible, 

484 
liBiiz's  Law,  613 
Iiewt  of  water,  240  ;  Potential  uulogoaa 

to,  52C 
Lev«r,  152-Ifi4 
I«]r<len  jar,  583,  S&i,  530 
Llglit.  4:i,  209,  4S3  ;  proiluction  of,  4S7  ; 

—  In  eLeclrio  lainpi,  S82:    tnonoriiro- 

matic.  43",  487,  490:  pnlsrised,   494; 

i:Quiiiion  or  iiatiinit,  466,  SOS  ;  Maxwell's 

tb«ory,  XOa,  460,  629 
Liiclit  fiuijooUTc),  190 
Liehtnlng-coiiductor,   £76;  —  floah,  dia- 

tani^'tt  of,  417 
Llniiliiig  Atiglc  (ill  »talical  frictioo],  IM 
Limlu  ol  Elutloity,  -^'iS,  237  ;  of  Jtearing. 

484 
Line,  9 

Linear  WavM,  97;  Reflexion  of,  ItO 
LlneofNo  Prcanm  (Indicator  Diacrem),  49 
LitiiM,  Aiilnt>Rtk-,  S&2  -,  laotliarmaT,  362 

LinMof  nnK,266.r.3«i of  Heat,  363 

Liueii  of  Vorcit,  176,  263 ,-  EtactrJc,  022, 

6^6  ;  Electro laognrtir,  ^13.   R97,  dinrc- 

tioEi  of  S94,  cut  acrow  614,  61&  ;  Blag- 

natic,  400,  dtrection  of  600 


Linei  of  Btagnetic  Indartiaa,  007 

LlDw  of  IV)|M^tii>n  of  Hoax,  8A3 

Lbie-8p«ctrum.  44«,  448 

Liqiiorartinn,  SOB,  321 

linuid,  •rid,  2B5.2S8 

XiMjous'  Fi^rwi;  t.9.,  flga.  35-41 

Utn,  12 

Loading  a  Vibrating  body,  893 

T.ocnmiitivB  Pulia,  S79 

Lofpu-itbnuc  DMreneut  {Tiaconiy).  175 

IiOKarilhiiiio  lucrcmiuit  {taw.  pilcli),  378, 

380 
IxuiftitadJDiiI    Viliratioii,   99,    103,   IM; 

CompTOsion  oni)  DifjJaccaMat  tiu  IM 
Loopa  and  Ni»le\  l'i7 
Looj«,  >iiip«iitl«4l,  liigiud  in,  ^S9,  267,  306 
r>oiw  of  Enargy  of  Rtw  trill  cat  inn,  530 
Lim  of  lutf  •  Wave  iKDtnh,  US.  468^  4«» 
Lottdneoa.  367,  363,  369,  381.  4S4 
Lonlulferoiu  Btlier.  S07  (act  Etberl- 
Laii«a,  S94,  8(lO,  302,  804 
Lattn,  &17 
Lyn,  403 

MacuuiEs,  Simple,  162 

Mogdobiir;  H*iula|ilianii,  902 

Mngncd,  598;  BoIeBoldal,  »9;  bow  na4i) 

609 
Ma^ctle  AxiR,  993  :   —  DwIlnaUoo,  604  i 

—  Dip,  COS  ;  ~  Eqnalor,  605  ;  —  tHht- 
rortir**,  208,  829  ;  —  FSpW,  etXi,  604. 
319;  iu  uatutv,  829;  —  Poiw.  W; 

—  IiitiIliii).tion,  605  ;  —  IndortloB,  M6i 
eoefn.  i)f  niD^rn.  inil.,  C07,  008  ;  fOMnl 
proUeai  of  oiognettc  Induetioii,  610 ;  — 
iDteDsity,  60D  :  —  H«ri(llui.  608,  Otf  i 

—  Mnmniil,  «01, 60S  :  of  aWll.  603 :  — 
Korth,  304  ;  —  Porallala.  60$  ;  —  Feb 
(temsfirialj,  40S ;  (of  macBct}.  599 :  — 
Petenttal,  603 ;  —  ItoUtory  PoloriMdas. 
628  ;  —  Scnwn,  010  ;  —  SltcU.  flOS, 
604  ;  atrtngtli  of  304,  potMitiol  of  SIS; 

—  Siraictli,  600;  —  Stoma,  OM;  — 
Tide,  609 

MagDctiaation  :  Indooed  — v  CocSL  of,  667, 
iotMuity  of  —  601 1  Rni-lua]  — ,  606  i 
Webet'a  Tlwjoiy  of,  COS 

aiagnetiiiit,  3L',  696-611  -.  nalura  of,  fit^ 
611  ;  tamtatrisl,  604-900 

HoftnotO'eleeUlG  MochlftM^  559,  616 

HoUeaHllty.  S3S 

Ualloua,  419,  420 

Huoinetvr,  262;   SS9,  397; 
nitaUiquv  bucrlptaar,  !M4  ;  m.  eaiapMi- 
aatour,  S6S 

Mari4-Uary'N  Cell,  552 

Mario*  EailiiM),  83 

itinw,  12,  190,  21 9  ;  Uc4nraBeat  of.  19 

M&».iv«v  190 

Matter, -2.7.190;  itaOwrtitntioai  cboii- 
cal  views,  311;  fbyiica)  rising  Sl7i 
Ei»Titlnl  pMiXirlir*  of  — .  190  :  KitoarfM 
of,  lEI'i;  i[ii[ieaBlntnlil5  of,  192;  te- 
d«strqctili|lltv  of,  192;  Ge&eral  [ttvfar- 
tiMof :  iDortio, &  136.  ]98i  r^t. », 
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IP.  178,  IH;  dMaTbaity,  193,   211, 
2IS ;  poratty,  IM ;  dtntitj'.  194  ;  l-er- 
ccpUiMi  of  Maltn-,  190,  SIB 
Matter,    IiiiogLtiarv,    EI«ctrio    531,    Uog- 

nsUc  eoo 

Uazw«II  on  CMKJtire  Par»,  610:  —  on 
thn  CtninBrvntinti  or  EnTjty  in  Phyniology, 
4S;  —'»  "Denion,"  45;  Discs,  M5j 
Theory  of  Ugh(,  20«,  160, 629  ;  Tliociry 
tIthK  Hoguntic  Pidil,  S39 

rsinoTtt,  1,  21  ;  —  of  Adbadon,  81  ; 
OalohiJtrtriu  — ,  S60 ;  of  Dtuilty.  340 ; 

—  of  K.M.I).I'..  674:  of  EJCpMUion, 
840  ;  —  ill  Flovf  of  liqui.ls  282 ;  —  of 
Flow  of  g»w«,  2fl9  ;  —  of  Kiireu,  29-33  ; 

—  uf  ff,  the  ncceUrutloii  uf  Gniviiy,  30, 
\ai:ot\aVib!6.tTolevntnl.tt7i,eSi;  — 
of  bautftb,  21 ;  — of  Ltiiuiil  Pm*nr«i,  261  • 
345  1  —  of  Ma»«,  SB  ;  of  HBKnBt)<^  Mo- 
ment, «0a,  606;  —  i»f  n,  lliB  AlinoB- 
nherii:  I'lruurc,  RIO;  of  IVi-»»ur6  in  a 
Blremii,  282  ;  of  Befrautivii  Itnlli.'^*,  *77. 
488  ;  of  KbsUuucd  uf  &  BAtt«ry,  574  ;  at 
Ibsuttiitco  to  elpctrlc  Cuiront,  673;  of 
SoBp-fllm  Timiinii,  31,  244  ;  of  Suiface, 
29  ;  of  TcuHjeraluTe,  356  ;  of  Tinw,  28  ; 
of  If,  ihn  velocity  of  pTopapitioii  of  lu 
eleclroLiBg[it't.ic  dlslurbdwo,  630  ;  of  Vfl- 
jwir-ileii'it.j',  347  ;  of  V«Iorityof  Lnjukl 
Strmm,  242  [  —  of  VelucSty  of  Wave- 
moOcn  in  a  roil,  12H  ;  ^otVolvune,  27; 
—  of  Watc-U'ii^tU  lu  Bthvr.  488,  493  ; 
or  Weight  [H(Knii|{-liaI&nce],  31 

llMhanl«al  Eqiilvatunt  of  Heat,  S17  ;  of 

Sound,  429 
H«cba:iical  I'owsn,  3  S2>159  ;  with  friction, 

IM 
Medtum,  37 
KegfhTt,  34 
JbigBTolS  631 
Vw>3iiii,  631 

JMcltle's  Kl(peTlm#nt^  89S 
Meltliig  [loitit  uf  1m,  318 
afombnun  B<»il>riis  422,  425  ;  m.  Tym- 
puL  410,  427 
MtmtffsiiA  :  Diffusion  thrangh,  '2S2,  if  6  ; 
ViliniVion  of,  frwi  129,  398,  forcwl  401 
M«n:nry,  Expansion  ofj  340 ;  —  Thenno- 

uieUr,  358  ;  —  Vapour.  21 8.  41 9 
MaridUii,  tl ;  MiLgnriic  — ,  Wi,  60r> 
Metallic  Ri-Ruxion,  KOS 
MftiOii,  Cohuf!!.  of.  453  :  Contact  of,  H3 
McLeurii:  0>vt,  43  ;  M»teorit«u.  43 
H«tbo(I  of  MIztnna,  3^ 
H«t]iod  of  Otdllntiona,  33 
Metre,  10 
Mica.  606 
Miorofand,  032 
Mi«niilil,  631 
Micro plioiir,  565,  623 
MicroKCopo,  St3 
Micrevoll.  631 
Minimum  Uovlation.  478 
Mimn,  472  ;  concave,  474  ;  coarsx,  476; 
Avribi*,  478  :  lotatml,  473 


Mieuibility  of  Liqttiilt,  219 

Miiltirc  of  Coloan,  616 

MoUId  Liquid,  'iOQ 

ModuluD  of  SitiwrfltiJil  T^iwinn,  244 

Molei-ulcs.  1D2.  214.  21S.  218  ;  Nature  of, 
219:  Nnn^brrof,  224;  free  Vutb  of,  223, 
224  ;  Sire  of,  21  li,  223  ;  Velocity  ftf  — , 
222;  — In  Vibration,  2-26. 317.  432,  457 

MolKuUrABymiaBtry,  217,  432,510;  Dl«- 
t*ni:«  of  —  Action,  246 ;  —  foreo*,  226- 
228  ;  —  lle'kt,  329  ;  —  Kint-lk  Energy, 
324  ;  —  Rcfraclivti  Power.  478 

Moment :  of  a  Uoiipis,  151  ;  —  irf  a  ToTWi, 
146,  149;  —.of  tocrtla,  144,  60S: 
MsK"'"''^'^  — .  601  ;  meom  ruin  (.lit,  602  ; 
Priuciplg  DfM.V,  149,  1S2 

Moraeolani.  6,  17,  1H9,  of  a  SyiUm  IW; 
—  iu  liuiwirt.  139-141 

Monoriiord,  3P0,  402 

MoEiocbromAti'T  Ught,  437,  480,  490 

MorT.e-co.lL-,  621 

Motion,  14  ;  ill  uClrtle,  52,72;  inCumsi 
[MUhl^  63  ;  Laws  of—,  5  ;  Tlie  Perpetual 
— ,  7,  173,  320,  343;  —  parallel  ta  or 
Bcroa*  Bquipoteiitbl  Uurfot^M,  173,  17fi 

MuUiiile  Prwportioii*,  Lawi  of.  212 

Uutde:  BrcakiiiK-wuiglit  of,  232;  DitTmi.- 
|[o.n-patin(:,  493;  Bxtcnsiliillly  of  — , 
231  ;  Mcclitiiiml  diuiltnQtage,  lS9i  — 
■Souud,  384. -124 

Muiical  Box.  404  :  IntcrvaU,  379;  KoU- 
Uon,  377  i  Pilch,  373 

NsoiTIVK  CryrtalK,  498 

N«gative  Eleetric  Cliars*,  519  (realDoiij) 

Nq^ative  1\)Ii:  of  Ma|;u*it  (louth  Makin(c)>,  599 

Negative  Pimmictc  to  ThvrBX,  304 

Nerve-eiKla,  4S2.  5U 

Neuuiktiii  knxl  HaoCulIogh,  470 

Nnntnil  I-in«.  393 

NduUilI  Puiiit  (tU«niiO-olv«t)b  568 

Newtott'a  Laws  of  Motion,  5,  134,  142; 
liii  l«w  of  Cniling,  3S4  ;  Law  of  Uni- 
VBtinl  iJriivitiitiou,  l&O ;  bia  I^w  of 
o-  •^KT~p,23^  831  ;  Newton '«  Kinga, 
4JK> 

Siagnra  PnlU,  316  ;  Enerny  of,  427 

Siooln  PrUm,  499 

Nobili'«Rini[»,  589 

Nodal  Liiiea,  397  ;  Koda]  Points,  101,  126 

Koden  aoit  Loops,  I2fi ;  —  in  a  Membmne, 
129;  —  oQ  Mfinochowl,  8BS ;  —  in  an 
OrRnn -pipe,  406  ;  on  a  vibrating  !3tri»g, 
392.  Zilit 

SoHa  Uterwo-dccltic  Pl!«.  559 

NoHS70 

ttoa-eammenaurablo.  88,  94 

Non-rfiiidnctAr*,  526;  (;oDtacl  of,  514 

Noii-connertatirc  KyiiteiD,  38 

Normal  to  Wave-front.  106;  Propagatioiii 
along—,  lOK,  123,  ISO 

Note,  871 

Obok,  405 

Obin.  1117,  564,  631 


^^^^^64^^^^^^^^^^^^^^5k^^^^^^^^^^^^^^^^B 

^^B            Otim'a  Uo-,  06S.  568,  (77 

P..Timl    of  S.H.M..   78.    S63;    of  Vait-      ^ 

^^^H            Oil  in  paiBtiug,  499 

itioUoU]  105                                                      1 

^^^H            Opw^ity, 

Perlodio  Cnrvs.  S6 ;  —  PmottMi,  7t              m 

^^^H             OfnlurcnL'c,  iSS 

Perpetual  Motion,  TIm,  7.  173,  830,  319         ■ 

^^^^U             0|)»ii  Clr<!iiit,  SIA 

PhM»in8.H.M..  76                               ^^B 

^^^H             Opera  kIus^  MX 

P1ioiLaatoi[r«pIi,  3S6                                   ^^H 

^^^1            Opliideiile,  407 

Phanograpli.  3S7,  401                            ^^H 

^^^^H            OjibtliftliuoKop*,  513 

Phouuiuotor,  411                                        ^^^B 

^^^H                 OppOfltlDU  of  PIlMC^  $90 

PliOBphoM(i:«]c«,  451                                ^^H 

^^^H            Optietl  Doiully,  tfrS ;  0.  rQcuurcmimt  or 

PbMphonacopo,  455                              ^^^B 

^^^1                  Length,  26 

Pboaphorus,  'US  ;  —  Tapoor,  216           ^^^B 

^^^1             Ordinary  lU)-,  498,  493 

Phatographic  Pocub,  485                              ^^H 

^^^B            Onliuate, 

Pliott^nipliing  ribntiOM,  386               ^^M 

^^^B             Oi^n :  —  -pipe,  366,  3B& ;  opati,  406.  4 10, 

Photomfitrr,  463                                    ^^H 

^^^H                 415;  *toppol,  407; recil-pipc,  SSII, 

iniiitophabf,  K&'t.  623                               ^^H 

^^H 

Pliyiloloey,  1                                              ^^M 

^^^1            Ofdllation.  33,  368:  m  s  nwuH  of  nm- 

Pi»Hororte,  370,  374.  881,  390.  403 

^^^H                 ■urbfc  Form,  3S  ;    Centra   of  — ,   146: 

Picrolo,  406 

^^^^H                  rm^noiifv,    3G8 ;    ^«    tti    it    mc'rcurj' 

pKMmrttr.tabf,  262.  275.  298 

^^^H                  calumij,  137;  uf  >lu1<^iil»,  31  r> 

Pt)(<tiviit9,  516 

^^^H            0«llUUiry  MovcinpnU  or  Syntvnu  of  1^- 

Pile.  OolvuiEc,  £17:  'l^ermo-cleetrlc.  4S6, 

^^H                  Uctc*,  »M31I 

668,569 

^^^1             OacubtinKCInln,  73 

Pint.  18 

^^^H            Osmouo,  252 

PiVMltti,  306 

^^^H              Ounoe,  13 

PUton,  34,  49,  103,  211,  355 

^^^1             Oiitltow,  266,  2'2  :  from  elutic  tiiboi^  288 

Pitcli  of  a  Screw,  IH 

^^^B             Ov«rtnmlii«,  163-185 

PiUb    of  a   BcnmA.   369,   371  ;   muM 

^^^^B             OiyKDD.  condBiiKiliou  of,  205 

»|ivc[Qcatiaa,  373  ;  plijtacAl,  371 :  —  e( 

^^^H              Otone,  conclvriMtion  of,  208  :  rorm&tioi)  of, 

vibmllag  StrloK,  398,  394  ;    Vwlatku 

^^H                  685 

of  pitcli  tu  ttx  Orgaa-plpe.  406 ;  tari*- 

Mon«  of  —  with  T«tiip«ntiin,  404 

^^^H            pAomoTTi's  Inductor.  <17 

Pilot'*  Tubcw,  2M,  300 

^^B             F«]Iwllum,  SOI,  &DQ 

^^H              Panbolk  Mirrnni,  IIG,  474  ;  —  Ruth,  05  ; 

6101I.  133  ;  Wliiel  muting,  188         ^^^H 

^^^H                  ^  Sur(«oe  at  riilntinji  li<|aid,  261 

Plftbfl  (d  Inclilenee,  467.  471                     ^^^ 

^^H           P»nllel  Beam,  lio 

Plan.-  of  PoUHMtlon,  464.  467.  471,  496       ■ 

^^^H              Panllnlijiipcilon  c-t  Ai-i'i'lirnlinm,  63;   of 

PIniie-polariMrl.  464.  499.  501  ;  dHwW.     B 

^^^1                  Force*,  IS4  ;  of  Vi!l<iGilk>,  (tl 

505  ;  —  by  RedcxioD,  471                            1 

^^^H             PunllttlognLiii  of  Acv^'lunttous,  02 ;  —of 

Plui«  Wairc  front,  108;  rcflwtod,  112           M 

^^^■-               ForcM,  iii;  a^^vinmUl  proaf,   139: 

VlhBii,  SQl                                                 ^^M 

^^^^B                   —  rif  VcWitio*.  54 

^^H               PBrtfally-pnliiHocd.    4€6,    471  ;    detcctsil, 

PlaiUcity,  28S                                            ^^H 

Flatw,  VLhnljon  of,  S97                              ^^H 

^^H                  505 

Pneuiuotliuru,  SOO                                    ^^^B 

^^^H              I'ttrtiitla  (>.<*..  HanuMtlM,  ^.t-.),  427 

Poliiftullle's  Law.  27.^.  281                      ^^B 

^^H             Putcal'i  I>riiiLi|.U,  2S6,  297 

PataiiMtiou,  463.  &I9  :    V]»m,  ElliplJal,     B 

^^H              l>.Iti*r'-  RlT<.-cl,  5^0,  t'^l 

<'ircu1tr,  4'1'I  ;    PinlRl,   Knintory,  466;      1 

^^H             IVnduliim,  2e.  .10,  \SS,  1S2,  18S  ;  TIIacIc- 

Anjclft  of  C-ORipl«te  — ,  470 1  PlaM  of  — ,      1 

^^^^H                  bun)\187;  <'flni[waiia.tioii*  — ,SSS;  C^m- 

4tl4,  467,  471,  49B                                        M 

^^^^1                  pouTiil  — ,  188;  Coiikk),  74;  —  um.-IIU- 

PfllnriiatioD  of  ElvctnxlM,  590 ;  P.-Onn^l^^H 

^^^^H                tioii*  I^oclironoutf,  28, 187 :  —  nioveuieDt 

590                                                         _^H 

^^^H                  IInnuo)i!r,7!l,18S  :  Lcitelh  of  SiRi]ilc  ~, 

PolariRod Light,  103.464 ;  to  det«<i,SD5,i^^l 
PoluiMr,  VU\  *99                                    ^^M 

^^^H                   187,  of  Cunipouiid  —  1R9;   Bimplo  — , 

^^^H                1S2,   18& ;    Work    dune   iq   moving  a 

Pole  :  Uagnetic  of  Eaith,  «11 ;  of  HagBM^ 

^^^H                nmple  — ,  tft7 

fi9n,  811;  StcoAdary.  601 

^^^B            PeanmbM.  491 

Polygon  of  AcMlwslhHM.  62 ;  of  Foroi^ 

^^^H              Perception  of  Colour,  514  )  of  Form,  £16  ; 

13«;    of    Valoeitiea,    60,    62;    gmmU 

^^H                  of  UalUr,  190,  219 

jxtij/gtme,  62 

^^^H             PercnisioD,  Ccnti-e  of,  145 

Poiwlly,  194 

^^^H              Perfort   Cnnductora   nnd    Non-conducton, 

Podittvr   Crjritnl*,    4ftS ;    —  DiracUoo  af 

^^M 

cloctroma^nrlli!  Lin«a  of  Poro,  S94,  of 

^^^1             r«rf«oi  ElMlloil!'.  286 

mapjotic    eoo ;    —   EUclrkal    Ckap 

^^H            PsrfKt  Engine.  Camot'*,  S43.  354 

(ritreoiu),  519;    —  P6l«  of  tkt  BMk 

^^^1             Pcrfoct  gu:    d««[jeil.  SSI  ;  Intt^ial  VCorlc 

(ADtarctle),  Oil  ;  —  PMe  of  «  MsrbA 

^^^H                  b,  S33  ;  Ko  phynical  On  Fnrftot,  335 

(Korth-MBking),  599 ;  —  ffid*  of  «  Cfe- 

^^^B            Porfacll/  CoiiditOiuff  Molvculu,  till 

cQit,  696                                        ^m 
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[\it«aUii).  46.  170,  2S8.  52S,  £40  ;  Analngy 
or  »*vLevflI,  ITI.  of  watpr-lEt-rl  i2U; 
Abnjluti!  — ,  523;  AbMiKiIu  ZeTu  of — , 
171 :  Aibitimiy,  171 ;  Coiitinaliy  ibrou^h 
Zero-value,  171;  —  DiffereJiM,  bi3, 
fi38,  537  ;  mnuuriKl.  S41  ;  prodacod, 
542-561 ;  ELectromoiive  Difference  af  — , 
fiSSk,  Sei  :  ElMlTical  — ,  52:1  ;  UnvlU- 
lion-  — ,  171,  174  J  —  Lint-,  567.  670, 
574.  677;  Mmcnwtic  — ,  «03 ;  —  of 
MKicnetio  Shell,  604,  €33 ;  Po>iliv«  ud 
NtfpiliYe  — ,  170 ;  The  — ,  526,  W2 ; 
Zm.  — ,  171 

PoUatUl  energy.  J6-3fl  ;  in  imw  of  Repul- 
■Jon,  168,  ie».  170 

Fnunil,  I'i;  Poundftl,  18,  19 

Po¥fJereJ  TranipMBot  Subslunce,  448 

Pnctical  £lecui»]  VnlW,  549,  561.  564, 
631 

Prmwiiro  :  Atmo«f.h«ric,  203,  259, 300-313 ; 
gf  Blhor-navsG,  512;  lu  ■  < Ins  =  cocfft. 
Of  eliut,  »19 ;  tn  UaaM,  203,  267  ;  hj 
Kinetic  Theory,  2*it;  jirbMure  Ami  vclunip 
In  guM,  ^04  ;  —  |iroiluc«d  hy  IlenUd 
Solidi,  336 ;  dimliUslicd  iii  Fluid  in 
UoUon,  299;  —  -Ileid,  276,  268  :  - 
Line,  377,  298 ;  —  iu  Li<iuM*.  256, 
596  i  In  Heavy  Liqiilil%  257  ;  nieuore- 
moot,  2dl-£65  ;  SntiirAtioo-  —,  340  ;  — 
in  Strum:),  2752^3 

Prevtwl'a  Iaw,  U& 

Priuclpo]  Fociu  of  Minor,  474 ;  of  Lent, 
482 

Prlui-jpnl  Stction  of  a  Cr7*tal,  495 

Principle  oT  MonrnnU,  140.  152 

Priom,  198,  415,  477;  HicoVt.  490 

PKtfecUle,  I'Rth  or,  170 

Projection,  77;  of  S.H.M,,  78 

Froof-pUne,  640;  Pioof-siihere,  540 

PlowBtlou  of  Sound.  4D»'<  1 8  ;  of  Wavab 
fttong  NnrmoU,  104,  l-i3,  ISO 

Properties  of  Matter  :  Ctmliogeiit,  194 ; 
ScwBtlel.  190  :  OMeral,  193 

Pntiortioo-  Fiilty  af  (chnm.).  212;  Mul- 
tiple Crnportion-i.  212 

Ptoleiny'K  Law.  12S 

PttUeya,  167 

PulM-wave,  286 

Pnoip,  a06. 309 

PnttiuK  to  Earth,  57fi 

PyChagoKiui  Interval*,  380 


QOADIURI  Electron  i;Ur,  530 

(jnality  nf  Hound.  369,  .11^2 

<JniLtilily :  Olli  Brntiigeil  tii,  568 ;  Electric, 
S19.  537  ;  Unit  oF,  (C.O.S.  Qectnwtatici) 
519.  (CCS.  ElMlromigoelic)  632, 
(Prwttcal)  656,  B32j  —  of  Mnt1«r  = 
Moju,  12;  [)f  UoLlan  (^Mameutum),  6, 
17 

Qurter-nndiilatian  plale,  B03.  P06 

QiuirU  a«  a  Dirlectrir',  533  ;  ^  Pri«iii  (inil 
Imn—*,  438,  44»  ;  —  in  Hotu-p  Polarii*. 
K       lien,  608 


I 


RAt>riVT  UtAt,  i%  208,  314,  365,  433, 

*m 

Hwjfaut  Halter,  207,  584 

Jtvliilion.  !}<]&.  431:  ttfm  a  tint  iKxly, 

440  :  from  Ou  uud  Vapour,  446.  447  ; 

from  l.it)i]iib>  niul  .Solirlii,  447  ;  Eicliange 

orRmlialioiw,  441 
Rtt'ill  Of  Kurth,  181 
Ra.iioiiieter,  324 
lUaiopIioitjF,  409 
Kodiiuof  Curvaliin!,78, 141 ;  ofGyntion, 

H4 
Railway  WbeeU,  168 
HaIhImw.  479 

Raindrop.  237,  470  ;  FVktioD  on,  154 
lUreliEiI  iiir,  Sound  in,  367 
Rnte  ol  Olitingsof  Manieatitm^Forca^  18, 

221 
Ray.  110,  123:  Ktnda  nf  Ra.liAtlon.  434; 

Ordinaiy  ami  Bxlraonliiury.  496.  504 
React irin,  6 
Rttiil  ImsKe,  475.  484 

}Udpn>i.^l  or  l{et-i{in)catiug  Motiou,  81,  82 
n<«-oil,  272,  -298 
Rn>liic«>i  Ua^li,  665,  569 :  —  RmiKtanee, 

565.  670 
Fii-'lu|>licnttO]i,    Principli)   of   (in   pullcjrt), 

IS3 
Roeds  vlbratias,  39f>,  396.  40i 
KertfcDM  CO  A»A,  6ft,  62 
BHIexion,  1111.117;  Angle  of-.  113,467  : 

—  of  Etiier  wal■e^    406;    Mrt  illic  -. 

£03;    —  <if  Soimd-iraves,   411,   412; 

Totil  — ,  468 
HofniHion,    119  122;    A"g!a  of  — ,   ISO, 

467;    —    of    Elbcr-wnvM.    468,    47«i 

Imlix^r— ,  120,  467,   471,  476.  488; 

of    gaa    47X,   at   liquid    477,    of    eolid 

477  :    —  of  StiuuJ-wiive*,  414  j   Total 

-.  470 
IJftfrwlivft  Po*cr,  Moleralar,  478 
R«l{clalt<>ii.  341 
lltttaxnilon,  Time  of,  203 

Relay.  6- a 

lii'p-oip,  Angle  of.  160 

Il«]]iil>i'>ii    roiiveutionally    Positive,    169; 

Direotioii  at,  ,Vj4  :   I'utentiAl  Kiiergy  in 

c»><-  of.  168  ;  Work  done  l<y,  lfl8 
Itnuiiluil  Mnfciii^tiutioti,  606,  620 
Rcvinnus  (ncEUli'ej,  519 
llesUtAnce  to  Kirctrlc  I'linent.  561,  tnea- 

etircil  673  ;  —  to   Defonufttion.  Shear, 

Torsion,    233,   234;    —  to  Flow,  278, 

276:  —  toTnurlbn,  163 
Reaoltition  o1  ?t,rcf-\  134  ;  —  nfH.H.M/N, 

89,   94,  98 ;  —  nf  VVWiliw,  57  ;  —  of 

VlUratioui,  lonj-itudinal  103,  inuiaTctsal 

100 
RcAonance,  400 

Bocnnntnr.,  371,  383.  384,  386,  429 
Re«tiUitioii-]>r««iun;,  228,  239;   Coeilt.  of 

K..  14(1.  IMS 
netulLniitHnmionic  Motion,  95;  — Motion, 

64;  —  Ponw,  184 
Betica,  51 1 
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RereTsal  id  Tbemio-electricity,  667,  &81 

Beveraed  Action,  625 

Reversibility  of  Carnot'a  ideal  EDgine,  S63 

Khoochord,  Bheoatat,  574 

Right-handed  Polarised,  464,  466 

Rigid  Body,  67  ;  d^rees  of  freedom  of,  60  ; 

—  Solid,  199 

Rigidity,  200,  201,  233 ;  Coefficient  o^ 
200,  234  ;  —  affecting  Vibrationn,  389 

Bods,  Tibratioas  of,  128,  396-6 

Rolling  Friction,  165 

Rope  and  post.  Friction  between,  164 ; 
Wettetl  rope,  250 

Rotating  Mirror,  473 

Rotation,  68  ;  Composition  of  — a,  69  )  — 
of  the  Earth,  143,  181 ;  Energy  of  —  of 
a  particle,  143,  of  a  mass  144  ;  Force 
causing  —  constant  in  direction,  146  ; 
Instantaneous  Axis  of  — ,  69  t  —  of  a 
Liquid,   261;  of  Molecules,  315,  418; 

—  of  Plane  of  Polarisation,  217  ;  of 
Plane  of  S.H.H.,  94;  Axis  of  Spontaneoua 
— ,  146  ;  —  of  a  Wedge,  164 

Rotatory  Polarisation,  466,  508,  magnetic 
628  ;  —  Power,  509  ;  —  Vibration,  396 
Itowland,  493,  630 
Rupert'a  Drops,  227 

Sacckakihbtbb,  509 ;  Soleil'a,  510 

Sand-blast,  230 

Saponine,  247 

Sassafras,  490 

Saturated  Solution,  249  ;  —  Vapour,  205, 
sp.  heat  of  332 

ftatn  ration -pressure,  346 

Savart'a  Wbeel,  372 

Scale  (musical),  375 

Screen,  Electric,  535 ;  Magnetic^  610 ; 
Effect  of  S.  on  Waves,  131,  132 

Screw,  23,  156,  163  ;  male  and  female,  24 

Sea-level,  Analogy  in  Potential,  171 

Sealing-wax  a  Fluid,  200 

Second,  9 

Secondary  Batteries,  Celb,  590-2  ;  8.  Cur- 
rent, (Induction)  613,  (Polarisation) 
590-592  ;  S.  Poles,  602 

Selective  Absorption,  449 

Seknite,  506 

Selenium,  611,  665 

Self-induction  :  Currents,  676,  615  ;  Mag- 
netic, 607 

Self- Repulsion,  522  ;  of  Hydrogen,  226,336 

Semitone,  true  (|g),  378  ;  ao-caUed  (IH). 
377 

Sensitive  Flames,  408 

Separation  of  Electricities,  536,  642 

Series,  Cells  coupled  in,  648 

Sextant. Vernier,  22 

Shadow,  491 

S.H.M.,  Simple  Harmonic  Motion,  74.  See 
Harmonic  Motion. 

Shear,  71 

Shell,  Magnetic,  603  ;  potential  of,  604,  633 

Sidereal  Time,  9 

Siemens'a  Governor,  143 


Simple  Machines,  152 

Simple  Pendulum,  182,  186 

Simple  Rotation,  69 

Simple  Translation,  67 

Simultaneous  Causes,  4  ;  —  Cnmats,  623  ; 

—  Forces,  134  ;  —  Motdons,  4,  64 
Sine  Galvanometer,  620 

Sines,  Curve  of,  781 

Singing  Flames,  408 

Siphon,  308 

Sky,  454 

Sliding,  160,  185 

Slope  of  PoUntial-Iine,  667,  670,  671 

Soap-Sim,  31,  218,  242,  294,  449,  489 

Sodium-flame,  435,  445,  453 

Soft  Iron,  606 

Softness,  230 

Soft  Solid,  200 

Solar  Time,  9 

Soleil'a  Saccharimeter,  610 

Solenoids,  598  ;  Solenoidal  Magnet,  699 

Solid,  199,  229-240 ;  rigid,  199  ;  soft,  200 

Solution  in  Liquids :  of  solids,  248,  S22  ; 
of  gases,  292,  321  ;  coeffldetit  of  aoln- 
bility,  248 

Solution  of  Gases  in  solids,  291  ;  of  Solids 
in  gases,  207 

Solution  :  aatarated,  243  ;  anpenatoiated, 
249 

Sonoreacence,  612 

Sonnd,  42,  366  ;  Analysis  of,  382  ;  Propa- 
gatioQ  of,  381-2,  409-418 ;  Velocity  ia 
steel,  238  ;  Waves  in  air,  367,  386,  410, 
417,  623 

Sounding-board,  367 

Source  and  Condenser,  353 

Space,  9  ;  Dimensions  of,  9  ;  —  tnvflned 
under  uniform  AcceleraUon,  63 

Spark,  521,  522,  535 

Speaking-trumpet,  S88 

Specific  Conductivity,  562 ;  —  Density, 
194 ;  nieasnrement  of,  196-198,  260, 
261 ;  —  Gravity,  194  ;  Bp.  gr.  bulba, 
198  ;  —  Heat,  316,  328,  860  ;  at  const 
vol.,  330,  333;  at  consL  preaaure,  330, 
333 ;  ratio  of  spec,  heats,  331  ;  —  In- 
ductive Capacity,  zx,  533,  636,  537  ;  — 
Resistance,  562 

Spectrum,  438,  478 ;  abnormal,  481  ;  Dif- 
fraction  ,  493 

Spectrum-Analysis,  191,  446 

Sphencal  Aberration  of  lens,  486 ;  of  mirror, 
474  ;   —  Form,  227  ;  —  Magnet,  602  ; 

—  Mirrors,  116,  474 
Spheroidal  State,  326,  654 
Spherometer,  26 
Sphygmoscope,  264 
Spirometer,  299 
Sprengel,  291 

Spring -balance^  31 

Standards  :  See  Units  ;   —  Beaistaoce-coil, 

564.  573 
SUpea,  420 

Stara,  Twinkling  of,  493 
States  of  Hatter,  199 
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SUtic  Charge,  675 

Statical  Friction,  159 

SUtiaiiu7  Vibntioss,  12S 

Statdy  Flow  of  Heat,  862 

Staam,  Sp.  Heat  of,  332 ;  Jet  iMaiug  into 

air,  334  ;  Steam-engine,  310,  355 
Btereoecope,  517 
Stethoscope,  3S2,  409 
Stokee'H  Uw,  444 

Stopping  Component  Vibntious,  127 
Stor^e  of  Energy,  592 
Straight  Path,  6,  51 
Strain,  70  ;  homogeneona,  71  ;  Strain-ellip- 

eoid,  71 
Stream-Liuea,  266, 536 ;  Streams  of  Liquid, 

265 ;  Work  done  in   keeping  np,   285 ; 

—  of  Oaa,  297 

Strength  of  Magnet,  600 ;  —  of  magnetic 
Held,  600  ;  of  magnetic  Shell,  604,  632  ; 

—  of  Uateriala,  227  ;  —  of  Structures, 
239 

Streaa,  37,  166  ;  Heasnremant  of,  41 ;  — , 
Electric,  208,  518,  633,  636,  629 ;  Hydro- 
static 199,  229,  267 

Striking-Distance,  521 

String-Organ,  404 

Strings,  Vibration  of,  388-394,  400  ;  when 
bowed,  389 ;  plucked,  388,  390 ;  stmck, 
890. 

StroboBcopic  Disc,  269 

Stroranhr.  283 

Submarine  Cable,  (34,  677,  578 ;  —  Tele- 
graphy, 634,  578,  622 

Suction,  270,  303,  804 

Salphurons  acid,  290,  326,  346 

Summational  Tones,  427 

Sun's  Atmosphere,  446,  448  ;  —  Energy, 
43;  Sunlight,  43,  431,  438,  440,  443, 
449  ;  Sunset,  476  ;  Sun's  Disc,  443 

Superficial  Charge  of  Conductor,  534,  676 ; 

—  Film,  226  ;  viscosity  of,  247 
Surf,  248 

Surface ;  —  Adhesion,  273  ;  —  Attraction 
of  a  gas,  292  ;  CeUs  coupled  in  — ,  548  ; 
EquipotentUl— 8,172-177,268,522,536, 
593,  697,  600,  604  ;  —  of  Falling  bodies, 
179  ;  —  Friction,  273  ;  in  Qases  no  free 
— ,  202  ;  Leyden  jars  coupled  in,  534  ; 
in  Liquids,  226,  241,261;  Measurement 
of  — ,  26  ;  —  -Tension,  226,  241,  269, 
655,  measurement  of  244 

Synthesis  of  Sound,  385  ;  of  Vowel-sound, 
429 

Syien,  372 

TAMaEHT,  61  ;  Tangent  Galvanometer,  666, 

680,  632  ;  —  Screw,  23 
Tangential  Velocity,  63,  141 
Tasimeter,  565 
Teinte  de  postage,  610 
Telegraphic  Code  (Morse),  621  ;  —  Kelays, 

622 
Telegraphy,  672,  620  ;  Deep-sea,  634,  577, 

678,  622  ;  Duplex,  624 ;  Harmonic,  624 
Telegraph  Wire,  634,  626 


Telephone,  424,  614,  622;  Wire  — ,  410 

Telescope,  613 

Temperament,  Equal,  381 

Temperature,  221,  323,  SSTf,  366;  Absolute 
— ,  223,  327,  32^  354,  356  ;  —  of  Con- 
densaUon  of  Vapour,  346;  Critical  — , 
207,  211,  226  ;  Measurement  of  — ,  356 

Tenacity  of  a  liquid  Stream,  226,  308 

Tension  :  Electric  Surface -,  522  ;  Cells 

coupled  in  ~,  648,  668 :  of  String  in 
Circular  Motion,  142  ;  Surface  — ,  241 

Tenth-mitre,  433,  436 

TerreBtrial  Magnetism,  604-606 

Theory,  8 

Thermal  Capacities,  333 

Thermic  Balance,  634 

Thermodynamics :  First  Lav,  317  ;  Second 
Law,  364 

Thermo-electricity,  565 

Thermo-electric  Circnit,  566^  680  ;  —  Dia- 
gram, 656;  —  effect  in  Electric  Arc, 
582;  —  Pile,  486,  558,  659 ;  —  Power, 
555  ;  —  Thermometer,  659 

Thermolysis,  216,  220,  319,  330 

Thermometers :  Air,  356,  357  ;  Mercury, 
368 

Thermopile.     See  Thermo-electric  Pile 

Therm oscope,  357 

Thomson's  (Prof.  James)  Proposition  as  to 
Melting-point  of  Ice,  343 

Thomson's  (Sir  Wm.)  Gravity  Electric  Ma- 
chine, 561 ;  his  Measurement  of  t>,  630  ; 
his  Quadrant  Electrometer,  639 ;  his 
Tbsimo-electric  Effect,  581 

Thoracic  Duct,  270 

IHde,  6, 180, 193 ;  Tide-calculating  Machine, 
96 

Time,  9  ;  Measurement  of,  28 ;  Sidereal,  9  ; 
Solar,  9  ;  Unit  of,  9  ;  Time  of  Relaiatton 
in  Canada  Balsam,  202 

Tone,  371 

Torricelli's  L&w,  268, 294,  298 ;  -~  Vacunni, 
306.  308,  312 

Torsibility,  234  ;  Torsion,  33 

Total  Reflexion,  46S 

Total  RefracUon,  470 

Toughness,  233,  237  ;  Elastic  —,  236 

Tourmaline,  499,  664 

Traction,  163 

Transference  of  Heat,  362 

Transformations  of  Energy  ;  41  «( patiim 

Transition  in  Music,  376 

Translation  of  Molecules,  31 6;  of  a  Particle, 
67  ;  of  a  Rigid  body,  69 

Translucency,  448 

Transmissibility  of  Fluid  Pressures,  266, 
297 

Transmission  of  Enei^,  162,  204  ;  620 
(electrical] 

TransmuUtion  of  Elements,  191,  193 

Transparence,  448,  469 

Transpiration  of  Gases,  296 

Tranjiport  of  Heat,  365 

Transversal  Vibrations,  99-103,  3S8-394  : 
of  Ether,  432,  460 


662 


INVBX 


Ti»vi>lling  of  ElMtric  OoDdition,  CSfi ;  of 
RijuipotcntinI  SurfacM,  177;  irf  Wave- 
Form,  B7 

Tnvelyiui'i  Rocker,  409 

Triangle  of  Acnlentioos,  62 ;  of  Forow, 
13«!  of  VdodtiM,  C« 

TraraboiM,  876,  407 

'IVough  and  Cmat,  88 

TVwrapel,  407 

Tnbw  of  Flow,  53C  i  ~  of  Forw,  175,  523, 
63« 

Tnning-h'ork:  W  42,  237,  366,  S68,  373, 
:i7r<,  SS4,  3S5.  398,  400,  401,  410,  412. 
425,  430  :  Electro  in  n^ct  it  loteiruplor 
for  — ,  237,  401,  622 

Twinkling  nfStnre,  493 

Ultiugjlsbovh  matter,  307,  584 

Ultra-rsd  lUy*.  438 

IJUm-viol«t  B»y«,  435,  430^  438 

Umbra,  4&1 

CnUxial,  iVh 

OnUom  Fi«ia,  623 

Untt«  oT  Acc«1miiioi],ll3:  Allele,  SO;  Ami, 
12;  CdDductivily,  &S2 ;  Deiully,  Itt  ; 
Eleotiiuli  —  Klcclro«tat)c  IC.G.S. 
EI«ctro!.Utie  or  C.  li.  &  E.  S. ) :  C*p»city, 
r.39,  53"  i  Conilui-iii-ity,  sjicuifio,  5*2; 
DeniLty,  520 ;  ULff^Tcaci!  o{  Poloallal, 
623,  621.  537;  Force,  637;  liiductivu 
c*p«city,  S33,  ^87 ;  Icilcniitr.  562 ; 
Quantity,  519;  Realituicc,  562,  «p«cillc 
502.  Electromftgneltn;  — flSI;  Uag- 
iielic  Fieli],  liLtBHKlt]''  of,  601  ;  iniifpirLir 
Forv*.  000;  mapiPllo  Pole,  flOO.  Prnc- 
licsliCnpKityCFarad),  632;  Diflbrenoa 
of  PnUmtisUVfilt),  5fB,  aSi;  inU-mity 
(Ani]iere).566,Q32;  (JnnnUly  (CouJoiub), 
.'iflO,  S32  ;  IttiBiiilui<:«  (Oluii),  561.  ~ 
Ener?y,  35;  BipansiDii  (e  -  1  -when 
length  ifduulilol),  233;  Force,  13;  Heal, 
519  ;  length,  10  ;  M&u.  12  ;  Upaev.  10  ; 
'rime,  0;  Vdocitv,  H;  V'oIucm  11; 
Wwk,  34 

tTniventiil  Oravilalirvo,  180 

UpU'ersD,  JilocUicUy  in  tbc,  ^  0,  521  ; 
Entfify  in  tbp,  a  conitADt,  40 

TTnMtttmted  Vapcnir,  ;;06 

Utility  of  Eleetroinotor,  625,  63B 

U-iuiw,  2ao 

Vacptm.  210;  UiKclmrgR  th  miinh  r  — ,  684  ; 

—  n*  tia  lunulntor,  52T ;  Torricelll'ii  — , 
30R  312  ;  —  -Tutwit,  683 

VdlvM.  300  ;  —  of  H«rt,  310.  381 

V*pDur  (1 )  in  pwwncp  of  liqiiiil,  rmdy  to 
conilenH,  205  ;  (3)  silumtod  or  tinutuT' 
ftted.  20ri  ;  (3)  n  gu  coniirmnbltt  tiy 
pro48urB  nlunc,  208 

Vapour  den Blty,  Mc4SurQiitoiit  of,  317 

VKrinble  Period,  676.  62» 

Variiitinn*  in  Earth'*  Magnetic  Force,  KOS; 

—  of  Gravity,  20,  180 

Yslo^lty,  14,  52,  S3 ;  Atuolute.  15 ;  Aver 
ag»  —  tmder  uniform  Aculemtlon,  K8. 


Mum,   16.  £3:  R«Ifttir^  15;  Uai&i^ 
14,  52;  VuSabl«,  15,53. 
Aapdu  — ,  4ft  ;  Cfaui^  of  — ,  Kt 

—  In  Curved  pstlu.  5S ;  ReMtcrtioa  of — 
into  Coiapi>MDt«,(>7;  TaBgrDti*!.  S3^  111 

Valncitifia  :  CompocitioD  of  two  — ,  64 ;  of 
mom  than  two,  59 ;  Fai»Udipip«daa  «f 
— ,  61 ;  PknllelogrUD  ot,  S4  ;  PolytM 
of,  60,  82 ;  ffamAc  polygtmr  ct  —,6t; 
TrUogU  of  — ,  M 

Velocity  of  £tl>tr-WsTM,  433.  461,  4ffi; 
of  FropaptioD  of  an  Electroiu(MU( 
DUturlwBce^  K78,  629,  630 ;  luuim- 
mcnt,  630,  632 ;  —  Head,  276, 2M  i  — 
of  Oulllow.  MS,  272.  295:  —  a< 
Puticldt  nf  a  Ou,  222 ;  —  of  Soaxl. 
414^17  ;  —  of  a  Stmatn,  MS ;  —  af 
K^iwiDiMloii  of  Tekigt^h  Stculi,  578 ; 

—  of  Wavt-MoUon  Is  n  gu,  SSI  ;  la  tn 
olutic  tolid,  2S8  ;  in  ■  lit)uid,  415 

Vraa  Conlruta,  269 

Vemiftr.  21 

VibriiiiiMiB  :  freo  — ,  38T*386;  fom4  — , 
39S-408,  432 ;  of  BeUa,  398 ;  of  CnrU, 
127.  367.  tmumM  »0-108,  SU-SM. 
iMijcitnrtinAl  103,  394  ;  —  of  Dtaea,  307. 
432  ;  —  tli>  remit  of  Kbuilictty,  Q7 ;  — 
of  the  nth«r.  432.  458,  460 ;  of  Mw- 
braaas.  129,  3S3  ;  of  Mol«calec,  m,S17. 
4S2,4&;;  ~rhotofnipliMi.3Se:ofB06^ 
127,  386^  396 ;  Ktationtry  — ,  126;  Slap- 
piDg  oompouent  — •,  127 

"  Vibratitm  Simj^,"  368 

WaU,  404  _ 

Violin,  366,  349,  375.  380,  389,  990.  9K. 
408,404 

Violoncello,  401 

Virtajtl  Imago,  474,  4M,  484  ;  —  Fbom 
482 

Viscoflltr,  20O,  201 :  of  Gaies  S2S ;  of  lea, 
314  ;  of  Liquid^  226,  S74.  282  ;  In  U^old 
■tnatua,  267,  273 ;  of  dastk  Solida,  237 1 

—  of  a  Soondioic-body.  369  ;  Sspotctil 

—  tn  liquliU,  247 ;  i>  gaaeoiu  hIim. 
29G,  298 

Via  vivn,  467 

Vitreon*  (ponitire),  519 

Voice;  428 

VolatlUMlloD,  210 ;  Of  C  Pi,  Ir, 

Snow,  347 
Volt.  549,  631 
Vollanintpr,  BS7 
Voltn'i  File,  549.  5S3 
Voltaic,  Me  Galvaoto 
Vo1am«r  192  ;  Elaitidt;  of,  203  ;  U««aarc. 

ment  of,  28  ;  —  and  Fntuure  in  Q 

204 
Vortiu-atoni,  Vortrx  ring,  219 
Vortices,  Magnetit,  208 
Vowel,  428 


i 


Wai-KTSo.  6.  158,  1B3,  184,  187 

Water,  Conductivity  of,  563,  548 ;   DeiMly 

of,  194.  198,  maxinium  321  ;  K]e<1]^ 

tyaU  of,  585 
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Watt,  SIS,  675 

Wnve :  in  Air,  see  Sounil ;  in  Ether  (ch&p. 

XV.) ;  origiDoted,  458  ;  propagated,  459 

tt  teq. ;  m«uured,  488,  498. 

—  Form,  TravoUing  of,  97, 104  ;  velo- 
city of  propagation  of,  98, 105 

—  Front,  104, 106 ;  Direction  of,  108 ; 
Nonnal  to,  106. 

—  Length,  97, 106  ;  Crest  and  Trongh, 
98;  Lossof  half  w.-I.,  118,  466, 489  ;  of 
Ether-Waves,  218,  433,  437  ;  meaaore- 
ment  of,  488,  493  ;  relation  of  —  to 
Fringes,  133. 

—  Motion :  Energy  of,  133,  288 ;  Velo- 
city of  in  elaatic  gas  331,  liquid  415,  solid 
238 

Waves,  Btdinenaional,  106 ;  Concentric, 
108  ;  Flat,  108,  distorted  109  ;  Linear, 
97  ;  Tridimensional,  107 

EtTect  of  Screen  on,  131,  132;  Fre- 
quency of,  106  ;  Interference  of,  129  ;  — 
propagated  along  Normals,  106, 123, 130 ; 
Reflected,  110-117  ;  waves  reltected 
ia  elastic  tubes,  288  ;  Refracted,  119  ; 
Tiavoning  an  Aperi;nTe,  109,  110,  123, 
130-131,  132 

Weber,  600  ;  Weber's  Measurement  of  v, 
630 ;  his  Theory  of  induced  Magnetisa- 
tion, 608 

Wedge,  167  ;  Rotation  of,  164 

Weight,  12,  19,  178, 193,  297 

Wehling,  229 

WeU,  depth  of,  417 

Wheatstone's  Bridge,  578 

Wheel  and  Axle,  154 

Wheeleof  RailwayTrain,  163;  Friction  — 
165 


Wheelwork,  155  ;  —  in  a  clock,  28 

Whispering  galleries,  413 

White  Light,  437,  440  ;  decomposed,  478; 
recom  pounded,  479 

Whitworth's  Measuring  Machine,  23,  25 

Winch,  155 

Wind,  109,  313.  417 

Wire  Telephone,  409 

Work,  S4  ;  nnit  of,  34 

Work  done,  7,  34 ;  mean  rate  of  doing 
— ,  36 ;  Work  done  against  Attraction, 
170  i  in  Charging  a  condnctor,  629  ;  by 
Ether-waves,  512 ;  by  Expanding  sub- 
stance, 48,  323,  350 ;  in  producing  Exten- 
sion, 231 ;  in  Electrolysis.  688 ;  in 
moving  across  Equipotential  Surfaces, 
173;  by  or  against  Force,  34;  by  the 
Heart,  285 ;  by  Heat,  323  ;  during  Over- 
turning, 184  ;  in  moving  a  Pendalum, 
187  ;  hy  Repnlsion,  168  ;  in  producing 
Shear,  234 ;  in  keeping  up  a  Stream  of 
liquid,  284  ;  in  prodncing  Twist,  234 

Worm  wheel,  23 

Yoitkq's  experiment,  490 

ZxRO  Potential,  526 

Zero  Temperature :  Absolute,  327, 32S,  366 ; 
Centigrade,  358 ;  Fahrenheit,  344,  369 

Zero  the  Reciprocal  of  Infinity  ^  =  o) 

169;  — of  Thermometers,  344,358;  ris- 
ing, 369 
Zinc,  amalgamateil,  320,  647, 549 ;  Electro- 
positive to  copper.  Negative  in  the  Bat- 
tery, 543,  547 


Printed  bj  R.  Si  K.  Clakk,  Ediiiiur[k. 
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ALMTBR,  M.A.,  M.H.,  D.Sc.  Willi  ILluBtraIicn.i.  Hvo.  Piirt  1.  -(li:ii«rul  I'Atho- 
logiLal  Auatomy.     12*.  6il.  [Part  II.  in  lAe  f^ttg. 

Text-Book  of  Physiology.     By  ProfpMar  MtOKAKL  Fomtem,  M.D.,  F.R.S. 
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Uteil  liy  D'Arcv  \V.  Thompson,  B.A.,  willi  Prefacn  Ijy  C'bAni.iw  Dakwix. 
Willi  IlUitratiocB.     Svo.     218. 

Popular  Astronomy.  By  S.  Nkwcomd,  LL.O.,  ProrL-flsop  TJ.S.  Xa\-al  Obser- 
vatory. With  112  lllustratiwus  aiid  S  KlajM  of  the  Stare.  Suconil  Eilttioiii 
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